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ABSTRACT 
Membrane biological reactors (MBR) are becoming popular as a treatment option 
and are seen as the next generation of wastewater treatment plants. The objectives of this 
study were to investigate the physical operating characteristics of a tubular ceramic 
membrane .and to assess its performance for the treatment of synthetic wastewater and 
phenol under low hydraulic retention time (HRT) and high solids residence time (SRT) 
conditions. Laboratory studies were conducted using a tubular ceramic membrane 
coupled with an aerated biological reactor under varying mixed liquor suspended solid 
concentrations, membrane feed rates, and permeate flux rates to characterize and evaluate 
the MBR performance and operating conditions. An operating schedule of 15 minutes of 
operation with 15 seconds of backwashing at a flux of 250 L/m~/hr along with an 
extended backwashing of 30 seconds every 3 hours of operation was sufficient to 
maintain the transmembrane pressure (TMP) at less than 140 kPa. Using a synthetic 
wastewater, the chemical oxygen demand and suspended solids removals were greater 
than 88% and 99.99%, respectively, even for HRT as low as 2 hours and SRT of 20 days. 
The TMP data were correlated with several operating parameters as well as the time of 
operation using stepwise regression analysis. Permeate flux and mixed liquor suspended 
solids were found to impact the TMP of the MBR more than membrane feed rate. For the 
treatment of phenolic wastewater, the tubular ceramic membrane was operated with a 
mode of 15 minutes of filtration followed by 1 S seconds of permeate backwashing at a 
flux of 2 S 0 L/m2/hr along with an extended backwashing of 3 0 seconds ever 3 hours of y 
operation, which maintained the TMP below 100 kPa. When the TMP reached 100 kPa, 
an extended backwashing of 2 minutes at 250 L/m2/hr along with flushing through the 
concentrate side of the membrane at 20 L/hr was conducted. The chemical oxygen 
demand and phenol removals were found to be greater than 88% with excellent 
suspended solids removal of 99.99% at an influent phenol concentration of 100 mg/L for 
an HRT of 4 hours and 30 days SRT. Inhibition of phenol removal was found between 
phenol concentrations of 600 and 800 mg/L with decreased sludge production rate and 
X 
increased sludge volume index (SVI). Experimental runs using wastewater containing 
phenol indicated that the MBR can be operated safely at phenol concentration of 600 
mg/L at 4 hours HRT and 30 days SRT without upsets. 
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CHAPTER 1 INTRODUCTION AND OBJECTIVES 
1.1 INTRODUCTION 
Over the recent years, the implementation of stricter effluent discharge regulations 
involving discharge of nutrients, micro pollutants, and toxic compounds have driven the 
wastewater industry to consider new wastewater treatment technologies. One of the 
recent innovations is the membrane bioreactor (MBR) for treatment, recovery and 
recycling of wastewaters. Its wide range of applicability (visvanathan et al., 2000), 
excellent removal of solids and organic matter (Crawford et al., 2000), compact size 
(Chiemchaisri et al., 1993), microbial separation abilities (Kolega et al., 1991; Langlais et 
al., 1992; Pouet et al., 1994), and low sludge production rate (Chaize and Huyard, 1991) 
are major advantages over conventional biological treatment processes (CBTPs). The 
requirement of a large settling tank is eliminated by using microfiltration or ultrafiltration 
units coupled with the bioreactor. Conventional activated sludge (CAS) processes may 
fail to achieve high quality final effluent due to biomass inhibition and altered settling 
characteristics of microbial sludge when toxic compounds such as phenolic compounds 
are introduced to the treatment system at high concentrations. The versatility of the MBR 
system is demonstrated by its ability to operate at low hydraulic retention time (HRT) and 
high sludge residence time (SRT) while at the same time, it may be robust in treating 
different contaminant types. 
Dorr-Oliver was the first to commercialize the concept of activated sludge process 
coupled with membrane filtration in the 1960s (Smith et al., 1969), but full-scale 
applications were tested only in the late 1980s. Since then, the MBR processes have been 
improved and applied in both municipal and industrial wastewater treatment. 
MBR has been successfully applied in various countries such as 3apan, France, and 
United States with most of the full-scale MBRs treating municipal wastewater. 
Application of MBR for industrial wastewaters is becoming popular, especially for oily 
wastewaters and landfill leachate. Hickey and Smith (1995) and Stephenson and 
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coworkers (2000) provided detailed information on full-scale applications of MBRs to 
treat industrial and municipal wastewaters. There are full-scale applications successfully 
treating up to 30 million gallons per day (MGD) of industrial effluents such as paper 
industry wastewaters. The Zenon Environmental Inc. recently reported the construction 
of a 40 MGD (150,000 m3/d) MBR to be completed in 2005 (Zenon Environmental Inc., 
2003). In addition, MBRs are becoming more feasible and attractive for treatment and 
recovery of wastewaters despite their potential disadvantages such as fouling and costs. 
To date, MBR systems have been successfully applied to treat various wastewaters to 
meet a variety of effluent criteria such as BOD, COD, oil and grease, ammonia, total 
nitrogen, phosphorus, phenol, aromatic hydrocarbons, chlorinated hydrocarbons, and 
various pesticides. 
Proper selection of the membrane is one of the key factors in designing MBR 
systems. As compared to other membrane materials and modules applied in wastewater 
treatment, tubular ceramic membranes with the ability to be backwashed provide high 
resistance to corrosion, abrasion, and fouling as well as increased concentration 
polarization control (Baker, 2000). 
The objectives of this study are to review the basic concepts, current development, 
and application of the MBR technology for municipal and industrial wastewaters, such as 
oily wastewater and to characterize the tubular ceramic membrane in a bench-scale MBR 
application for the treatment of simulated municipal wastewater and phenolic industrial 
wastewater under varying loading rates, hydraulic retention times and sludge residence 
times. Backwashing cycles of the membrane were optimized in order to operate the 
MBR for long period of time. 
1.2 THESIS ORGANIZATION 
The thesis is organized into a total of five chapters with two appendices at the end. 
Chapter 1 is an introduction to the work and it includes the objectives of this thesis. 
Chapter 2 is a literature review encompassing information that is critical in providing a 
fundamental basis for the work presented. Chapter 3 describes the optimization of the 
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physical operating characteristics of the MBR by varying backwash cycles and treatment 
under varying hydraulic retention and solids residence times. This chapter will be 
presented at the International Water Association (IWA) "Environmental Biotechnology: 
Advancement on Water and Wastewater Applications in the Tropics" Conference in 
Kuala Lumpur, Malaysia. Chapter 4 describes the performance of the MBR in treating an 
inhibitory substrate, phenol, under fixed SRT and varying concentrations and HRTs. 
Chapter 5 provides the conclusions of the work presented and includes recommendations 
for future study. Appendix A is a sur~imary of all of the raw data collected from the 
experiments detailed in Chapter 3, whereas Appendix B contains the raw data for 
experiments in Chapter 4. 
4 
CHAPTER 2 MEMBRANE BIOREACTORS: REVIEW OF 
FEATURES AND PERFORMANCE 
ABSTRACT 
The purpose of this chapter is to review the fundamentals of membrane bioreactors 
{MBR) as well as their treatment performance for municipal and industrial wastewaters 
such as oily wastewaters. Several advantages such as excellent effluent quality, 
flexibility in operation, smaller plant size, and low sludge production make the membrane 
bioreactors (MBR) a superior treatment system over conventional biological treatment 
processes (CBTP). These advantages can compensate for high capital cost of membrane 
systems and operation and maintenance cost due to possible fouling of the membranes. 
Amongst the different membrane modules, tubular module is the most resilient to fouling. 
Submerged membrane systems are easier to operate; however, require higher 
maintenance in terms of repairs and/or replacement as compared to sidestream 
membranes. The ability of MBR to operate at hydraulic retention times (HRT) as low as 
1 hour and high sludge retention times (SRT) as high as 70-100 days make the MBR a 
flexible system over conventional systems. Biomass concentrations of 3 5,000 mg 
MLSS/L can be maintained in the aeration tank resulting in higher organic matter 
biodegradation rates under low HRTs such as 1-3 hours. MBR can overcome peak flows 
and loadings better than conventional activated sludge (CAS) systems since the biomass 
are completely retained within the system. To control fouling, it is vital to choose 
appropriate membrane material and module as well as feed pretreatment and operating 
conditions. As a last resort, membranes may be cleaned with cleaning agents. 
Nevertheless, suitable operating schedule consisting of filtration period, stoppage and 
backflushing may substitute the need for a cumbersome cleaning process. 
Typical values for MBR in municipal wastewater treatment applications are 20-3 5 
days SRT, 2-8 hours HRT, and 5,000-15,000 mg/L MLSS. Under these conditions, more 
than 90% COD removal v~Tith non-detectable BODS and suspended solids (SS) 
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concentrations in the effluent can be achieved. Typical values for MBR in industrial 
wastewater treatment applications are 20-3 5 days SRT, 2-8 hours HRT, and 5,000-15,000 
mg/L MLSS. with reported removals over 95% of COD, TOC, BODE, and oil including 
mono- and polyaromatic hydrocarbons as well as 80% TKN removal, MBR can 
definitely compete with CBTPs provided capital costs and fouling phenomenon are 
minimized. 
Keywords: Membrane bioreactor (MBR), oily wastewater, municipal wastewater, 
biological treatment, aerobic treatment. 
2.1 INTRODUCTION 
Over the last century, various water and wastewater treatment systems (physical, 
biological, and chemical systems) have been developed and continuously improved to 
meet the goal of minimizing discharge of pollutants in the environment and improving 
human health. Depending on the wastewater characteristics, domestic or industrial, 
treatment efficiency of each of the different wastewater treatment system is highly 
variable and dependent on the unit processes employed. Nevertheless, over the recent 
years, implementation of stricter effluent discharge regulations involving discharge of 
nutrients and micro pollutants have driven the wastewater industry to consider new 
technologies. 
Of the many recently developed wastewater treatment technologies, membrane 
bioreactor (MBR) is one of the many appealing systems for treatment, recovery and 
recycling of wastewaters due to its wide range of applicability (Visvanathan et al.., 2000), 
excellent removal of solids and organic matter (Crawford et al., 2000), compact size 
(Chiemchaisri et al., 1993), microbial separation abilities (Kolega et al., 1991; Langlais et 
al., 1992; Pouet et al., 1994), and low rate sludge production (Chaize and Huyard, 1991). 
The objective of this chapter is to review the basic concepts and current development 
of membrane bioreactors and discuss its applications to various wastewaters. The basic 
concepts of this technology will be evaluated along with highlights of its unique features 
and important operating parameters. 
6 
2.2 MEMBRANE BIOREACTORS AND ITS FEATURES 
Biological treatment of municipal wastewaters was introduced in the late nineteenth 
century, and has been widely applied ever since. The principle behind biological 
treatment is that organic matter in wastewater is converted into stable and simple end 
products along with the synthesis of new microbial cells. The efficiency of this process 
and the quality of the final effluent are highly dependent on the settling characteristics of 
microbial sludge produced and the performance of the settling tanks, where sludge is 
separated from the liquid phase by gravity (Metcalf and Eddy, 1991). Operational 
characteristics play an important role in avoiding poor settleability and sludge bulking, 
and should be controlled intensely (Benefield and Randall, 1980). The requirement of 
large surface areas for settling tanks is a disadvantage of these systems especially when 
space availability is limited. To overcome some of the disadvantages of secondary 
settling tanks, membrane processes, such as microfiltration, ultrafiltration, and 
nanofiltration can be used in biological treatment systems (Stephenson et al., 2000). 
Traditionally, membranes are used to separate solids from liquid or to concentrate a 
particular waste stream. In the late 1960s, Dorr-Oliver commercialized the concept of 
activated sludge process coupled with membrane filtration (Smith et al., 1969), but full-
scale applications were tested only in the late 1980s. The hybrid process is generally 
called membrane bioreactors. Hybrid processes can increase the capacity of existing 
plants and improve the effluent quality (Pellegrino and Sikdar, 1997). Until then, most of 
the studies were experimental. However, over the last decade, the process has attracted 
serious attention and there has been considerable development and applications of MBR. 
Countries such as Japan, France, and United States have successfully applied MBR 
in the treatment of municipal wastewater. MBR application for industrial wastewaters is 
becoming popular, especially for oily wastewaters and landfill leachate. Hickey and 
Smith (1995) and Stephenson and coworkers (2000) provided detailed information on 
full-scale applications of MBRs to treat industrial and municipal wastewaters. There are 
full-scale applications successfully treating up to 30 MGD of industrial effluents such as 
paper industry wastewaters. MBR systems have been successfully applied to treat 
various wastewaters to meet a variety of effluent criteria such as BOD, COD, oil and 
grease, ammonia, total nitrogen, phosphorus, phenol, aromatic hydrocarbons, chlorinated 
hydrocarbons, and various pesticides. 
2.2.1 Membrane Processes 
Membrane processes, depending on the size of particle separated, may be 
categorized as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis (Ho and 
Sirkar, 1992). The sizes of particles rejected and absolute pressure differential needed for 
each membrane process are provided in Table 2.1. Microfiltration (MF) rejects 
suspended solids greater than 0.1 µm whereas ultrafiltration (UF) rejects particles and 
colloidal materials greater than 0.005 µm. 
Among aforementioned membrane processes, MF and OF are the ones that are 
coupled with biological treatment processes to form MBRs due to the micron level size of 
solids associated in biological treatment applications. As can be seen in Table 2.1, 
absolute pressure differentials needed for MF and OF are 20-200 kPa and 50-1,000 kPa, 
respectively. For the operators, the lower pressure range applied in MF processes makes 
MF the preferred choice over OF when the rejection of the biosolids is aimed. Bioflocs 
seen in conventional activated sludge (CAS) systems have a mean size of 20 µm where 
bioflocs in MBR have a mean size of 3.5 µm (Cicek et al., 1999). OF is capable of 
rejecting colloids as well as suspended solids and high molecular weight organic matter 
such as polyaromatic hydrocarbons (PAH). 
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Table 2.1 Characteristics of Membrane Processes 
Membrane Process 
Microfiltration (MF) 
Ultrafiltration (UF) 
Nanofiltration (NF) 
Reverse Osmosis (RO) 
Rejection Size Absolute Pressure Differential 
(µm) (kPa) 
0.1 — 100 
0.005 — 0.2 
0.001 — 0.01 
0.0001 — 0.002 
20 — 200 
50 — 1000 
S00 - 1,500 
600 — 40,000 
2.2.2 Membrane Configurations 
There are two possible membrane configurations for MBR processes. Membranes 
can be installed either inside (submerged) or outside (sidestream) the reactors (Figure 
2.1). In the sidestream configuration, membrane is in series with the bioreactor and is 
pressure driven whereas in the submerged configuration the membrane is within the 
bioreactor and operated under vacuum (Adham et al., 1999). Since the submerged 
configuration is more cost effective at higher wastewater flow rates, it is currently the 
dominant MBR system in the United States market (Knoblock et al., 1998). Sidestream 
modules are easier to maintain and assemble/disassemble in contrast to the sophisticated 
housing required for submerged types. Literature information shows that tubular 
modules are usually installed for sidestream configuration while plate-frame and hollow 
fiber modules are generally applied in submerged configuration. Sidestream tubular 
modules are more common in MBR systems applications for industrial wastewater 
treatment than other module configurations. 
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(a) 
Influent ~ permeate 
I 
Air 
Bioreactor 
--►Waste 
Sludge 
(b) 
Influent Retentate 
Recycle 
0 o ~ o 0 
0 0 0 o ~ o 0 o ~. 
b 0
Air 
Bioreactor 
. ~~ Pressure Controller 
Figure 2.1 Membrane configurations: (a) submerged (b) sidestream 
2.2.3 Advantages of MBR 
Permeate 
Waste 
Sludge 
One major feature of MBR process is its high treatment stability and robustness 
under varying operating conditions (Semmens et al., 2000). Some of the advantages of 
MBR over conventional biological treatment processes (CBTPs) include excellent 
effluent quality, smaller plant size, lower sludge production, high operational flexibility, 
high decomposition rate of organics, better process reliability as well as microbial 
separation and odor control (Chaize and Huyard, 1991; Kolega et al., 1991; Langlais et 
al., 1992; Chiemchaisri et al., 1993; Pouet et al., 1994; Zhang et al., 1997; Crawford et 
al., 2000; Visvanathan et al., 2000) (see Table 2.2). 
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Table 2.2 Advantages and Disadvantages of Membrane Bioreactors 
Advantages Disadvantages 
Excellent effluent quality 
High flexibility in operation 
Small plant size 
High decomposition rate 
Low sludge production 
Microbial separation ability 
Odor control 
Fouling 
High capital cost of membranes 
High energy cost 
Requirement for high capacity aeration 
Effluent Quality. MBR, regardless of the variations in influent, provides stable and 
excellent effluent with non-detectable suspended matter (Crawford et al., 2000). This 
makes the direct discharge of the final effluents into the surface waters possible as well as 
the reuse of effluent with further polishing (Visvanathan et al., 2000). In fact, permeate 
produced from an MBR may be fed directly into a reverse osmosis process without 
requiring any additional treatment (Cozier and Fernandez, 2001). In addition, because of 
the high sludge concentration maintained in the reactor, fluctuations on volumetric 
loading have minimum impact on the treated water quality (Chiemchaisri et al., 1993). 
Unlike clarifiers, the quality of solids separation by membranes is relatively independent 
of the mixed liquor suspended solids concentration or the solids characteristics (Crawford 
et al., 2000). 
Flexibility in Operation. MBR allows the control of SRT independently from HRT 
resulting in much longer SRT levels (typically 20-SO days) as compared to CBTPs 
(Visvanathan et al., 2000). The loading rates, both hydraulic and organic, achieved in 
membrane bioreacior studies are usually larger than the loading rates that are typically 
associated with CBTPs — 1.2 to 3.2 kg COD/m3/d for MBR as compared to 0.8 to 2.0 k g 
COD/m3/d for CBTPs (Metcalf and Eddy, 1991; Stephenson et al., 2000 . 
Plant Size. MBR is capable of operating at high MLSS concentrations and low HRTs 
resulting in a smaller bioreacior volume (aerobic or anaerobic). There are successful 
11 
MBR applications at 2 hours HRT as reported by Chaize and Huyard (1991). Because of 
a shorter HRT and longer SRT, the size of an MBR treatment plant may be as small as 
one-fourth of the size of a CAS tank. In addition, because the final settling tanks are 
eliminated, the size of an MBR plant is reduced further. Due to the operation of the 
MBR, the sizes of bioflocs from MBRs are smaller than that of CASs, thus leading to the 
possibility of higher microbial activity from increased respiratory and substrate utilization 
rates in the system (Cicek et al., 1999). 
Decomposition Rate. It is possible to obtain higher decomposition rates of biodegradable 
substances in an MBR as compared to CBTP due to higher concentration of 
microorganisms in the bioreactor with high SRT. Most of the least biodegradable 
compounds in wastewater especially industrial wastewater are high molecular weight 
compounds and eventually can be biodegraded with adequate amount of enzymes 
provided by the microorganisms. 
Sludge Production. Bench-scale and full-scale applications of MBR show that the sludge 
produced in MBR processes is much less than that of CAS processes. MBR may have 
sludge production rates as low as 0.22 kg MLSS/kg BODS at 50 days SRT (Takeuchi et 
al., 1990) as compared to 0.7-1 kg MLSS/kg BODS at 10-20 days SRT for CAS (Hsu and 
Wilson, 1992). For SRT more than 50 days, lowest sludge production rates due to low 
biomass yield rates (see Tables 2.3 and 2.4) are obtained for the MBR treatment of 
domestic wastewater (Chaize and Huyard, 1991). At higher SRT levels, low F/M ratio 
(see Table 2.3) results in lower biomass yield rates (Y) (Osa et al., 1997). Submerged 
MBRs need approximately half the land area of a CAS, and sludge production is 
similarly approximately halved (Mayhew and Stephenson 1997). Since sewage sludge 
disposal contributes significantly to overall operating costs, there ar•e significant potential 
benefits in reducing its production (Gander et al., 2000). 
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Table 2.3 Comparison of sludge production rates for various biological wastewater 
treatment processes (Adapted from Mayhew and Stephenson. 1997) 
Process 
Sludge Production Rate 
(kg/kg BODS) 
Membrane Bioreactor 
Submerged 
Sidestream 
Conventional Activated Sludge 
Trickling Filter 
Biological Aerated Filter 
0.0 — 0.3 
NA 
0.6 
0.3-0.5 
0.15-0.80 
NA —Not available 
Table 2.4 Sludge production rates for membrane bioreactor applications 
Wastewater
Synthetic 
Synthetic 
Municipal 
Municipal 
Municipal 
Municipal 
Municipal: 60%; 
. Industrial: 40% 
Municipal: 60%; 80 0.08 0.36 6 
Industrial: 40% 0.02 0.22 9 
F/M Y 
(kgCOD/ (kgMLVSS/ MLVSS 
SRT (days) kgMLVSS) kgCOD) (g/1) 
15 0.3 0.35 NA 
20 0.13 <0.15 10 
20 0.03-1 0.35-0.53* 25 
30 0.034* 0.57 12*
15 NA 0.33 4.9 
0.25 IS 
5 5 0.03 8 0.42 10 
15 0.21 0.56 3 
Reference 
Canales et al., 1994 
Cicek et al., 1998 
Gunder and Krauth, 1999 
Krampe and Krauth, 2001 
Huang et al., 2001 
Chaize and Huyard, 1991 
Innocenti et al., 2002 
Innocenti et al., 2002 
NA-Not available *Provided in terms of MLSS 
Microbial Separation and Odor Control. The membranes served as a barrier and the 
concentration of bacteria and viruses in the effluent are usually several orders of 
magnitude lower than in the mixed liquor (see Table 2.5). Most pathogens including 
Cryptosporidium and Giardia are also removed (Kolega et al., 1991; Langlais et al., 1992; 
Pouet et al., 1994). Since enclosed modules are used, odor is minimized in MBR 
processes. 
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Table 2.5 Microbial separation by membranes 
Membrane Type/ 
Module
Polyethylene-HF 
NA 
Ceramic-T 
Polysulfone-PF 
Ceramic-T 
HF 
Pore Size Log 
(gym or kDa) Reduction 
0.1 
NA 
300 kDa 
0.4 
0.04 
200 kDa 
Microbial 
Group
4-6 Coliphage QR
5-6 Total coliforms 
3-4 Heterotropic bacteria 
~-4 MS-2 viruses 
4-5 Total coliforms 
~-5 Total coliforms 
6-7 Fecal coliforms 
Reference 
Chiemchaisri et al., 1992 
Adham et al., 2001 
Cicek et a1., 1998 
Jefferson et al., 2000 
Blocher et al., 2002 
Buisson et al., 1998 
NA —Not available; HF-Hollow Fiber; PF-Plate Frame; T-Tubular 
2.2.4 Disadvantages of MBR 
There are several disadvantages hampering the application of MBRs (See Table 2.2). 
These are related to fouling, high capital cost- and energy consumption as well as high 
aeration requirements. Low HRT along with high MLSS may require high-rate aeration 
systems. However, pure oxygenated systems may be used if the cost/benefit ratio is 
acceptable. Fouling and cost issues will be addressed in detail in later sections. 
2.2.5 Membrane Materials 
Membrane materials available are either organic (polymeric) or inorganic in nature. 
The most common membrane materials used in MBR applications and their 
characteristics are provided in Table 2.6. Polymeric membranes are manufactured by the 
polymerization of hydrocarbons, of which cellulose acetate, polyacrylonitrile, polyamide, 
polycarbonate, polyethersulfone, polypropylene, polysulfone, polytetrafluoroethylene, 
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pol~inylidenefluoride, and regenerated cellulose are the most popular ones (Goel et al., 
1992; Mir et al., 1992). Inorganic membranes common in MBR applications are made 
from aluminum oxides and ceramic (Baker, 2000). 
Membrane surfaces may be negatively, positively or neutrally charged. Depending 
on the surface charge, hydrophobicity or hydrophilicity of the polymer materials can 
vary. This may affect the rejection characteristics of the membrane along with the 
contents of the feed. For example, hydrophobic membranes have been observed to be 
more prone to fouling by natural organic compounds than hydrophilic membranes. 
Usually, greater charge density on the membrane surface is associated with greater 
membrane hydrophilicity. Polysulfone, cellulose acetate, ceramic, and thin film 
composite membranes used for water treatment and wastewater recovery typically carry 
some degree of negative surface charge. Flux rates and fouling resistance of membrane 
materials can be improved by modifying surface characteristics (Kulkarni et al., 1992a). 
The pretreatment of membrane surface (surface charge and roughness) of polymer 
membranes through various chemicals (acids, bases, organic solutions) may influence the 
interaction of both inorganic and organic substances at the solid-aqueous interface. The 
propensity of organic matter to foul membranes is a function of their characteristics such 
as the affinity for the membrane material and functional groups on the organic matter. 
The adsorption of dissolved organic matters onto the membrane surface (adsorptive 
fouling) may be conditioned to a more hydrophobic state by adding cations such as 
calcium ions and protons which may associate with the functional groups found on 
organic matters. 
Polymeric membranes usually have much higher porosity than inorganic membranes 
and may be vital when high flux rates are required as higher porosity means higher 
permeability, hence higher initial flux and specific rates (Kulkarni et al., 1992a). 
However, previous studies with inorganic membranes reported higher flux rates as 
compared to studies with polymeric membranes contradicting the previous statement 
(Elmaleh and Abdelmoumni, 1998; Hogetsu et al., 1992). This may be due to the 
applicability of high transmembrane pressures (TMP) in inorganic membrane modules 
16 
whereas polymeric membrane materials may have lower TMP limits due to structural 
integrity concerns. In addition, permeate flux rate for polysulfone/polypropylene is the 
hi hest whereas cellulose acetate/ ropylene provides the lowest among the polymeric g p 
membranes . 
The resistance of polymeric membranes to high temperatures and pressures is highly 
variable and usually much lower temperatures and pressures are applied to polymeric 
membranes as compared to inorganic membranes. For example, a ceramic tubular 
membrane can be operated at 140°C and 800 kPa whereas a polysulfone membrane is 
usually operated below 60°C and 3 00 kPa (Fahey Ceramics, Inc., 2003 ). Inorganic 
membranes are bacteria-resistant as compared to polymeric membrane materials and can 
be operated at high temperature and pressures (Baker, 2000). 
2.2.6 Membrane Modules 
The separation performance of a membrane module is a function of membrane 
surface area which can be achieved by packing membranes in various module structures 
that are both efficient and economical. Surface area-to-volume ratio, channel geometry, 
spacer design, flow configuration, and the type of module are of paramount importance in 
terms of operation and maintenance of membranes for MBR system. There are four 
common modules —hollow fiber, plate-frame, spiral wound, and tubular. Characteristics 
of membrane modules vary highly in terms of membrane material, packing density, high 
pressure operation, membrane replacement, assembly/disassembly, holdup volume, ease 
of cleaning, requirement of feed prefiltration, and ease of operation (see Table 2.7). 
Aside from the tabulated data, only a limited number of materials (generally 
polymers) can be used in hollow fiber membranes whereas tubular modules are usually 
made of inorganic materials and can withstand high pressures (Baker, 2000). Spiral 
wound membrane gives relatively lower head loss as compared to the other three module 
configurations (Aptel and Buckley, 1996). Despite being well adapted to very viscous 
feeds, tubular modules provide the lowest flux rates and are generally applied for 
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ultrafiltration purposes (Pellegrino and Sikdar, 1997) although higher flux rates can be 
obtained by running at higher TMPs (Elmaleh and Abdelmoumni, 1998). The ability to 
provide high turbulence and high influent velocity is an important factor in tubular 
modules in fouling control (Kulkarni et al., 1992b). 
2.2.7 Operating Conditions 
22.7.1 Sludge Residence Time (SRT) 
MBR systems can operate at longer SRTs than other conventional systems. Most 
CAS systems are typically operated at 5-15 days SRT. For MBRs operating at 5-20 days 
SRT for municipal or domestic wastewater treatment, similar removal rates have been 
obtained (Cote et al., 1997; Trouve et al., 1994). However, several successful bench- and 
full-scale MBR treatment of domestic and municipal wastewaters in the literature with 3 0 
to 120 days SRT have achieved 99% BOD, 93-95% COD, 80-84% NH3-N, and 71-99% 
P removal (Ueda et al., 1996; Ueda and Hata, 1999; Chaize and Huyard, 1991). There 
are other studies that show MBR can be operated at very high SRTs. For example, 
Chiemchaisri et al. (1992) reported 95% COD removal for the treatment of domestic 
wastewater in an MBR with a submerged hollow fiber membrane operating at more than 
3,500 days SRT and 10 to 16 hours HRT. For industrial applications, SRTs as high as 
250-550 days were reported. For example, Krauth and Staab (1994) used 250 days SRT 
in an MBR for the treatment of textile wastewater with 90% COD removal whereas Seo 
et al. (1997) operated an MBR at 300 days SRT for oily wastewater treatment with 
approx. 97% COD removal. Yamamoto and Win (1991) treated tannery wastewater in an 
MBR at S50 days SRT with 94% COD and 55%NH3-N removal. 
2.2.7.2 Hydraulic Retention Time (HRT) 
Most MBR studies in the literature report HRTs that are much lower than those of 
CAS. HRTs as low as 2-4 hours were applied successfully in MBRs treating domestic or 
municipal wastewaters with 97-98% BOD, 96-98% COD, and 80-99% NH3-N removal 
19 
(Pankhania et al., 1994; Cote et al., 1998). On the other hand, HRTs as high as 13-16 
hours were used for raw sewage with similar treatment performance (Ueda et al., 1996; 
Ueda and Hata, 1999). HRT for MBR applications in industrial wastewater treatment 
ranged from 10 hours (62 days SRT} for pharmaceutical effluents with 63-86% COD 
removal (Benitez et al., 1995) to 24 hours (both 10 and 550 days SRT) for tannery 
wastewaters with 94% COD removal (Yamamoto and Win, 1991). For oily wastewater, 
Zaloum et al. (1994) reported 99.6% BOD and 73% NH3-N removal using an HRT of 
240 hours (75 days SRT) while, for landfill leachate, Ahn and Song. (1999) reported 
99.6% BOD and 90% COD removal using an HRT of 240 hours (30 days SRT). Mallon 
et al. (1999) reported 99.5% BOD, 92% COD, 96% N~-I3-N, and 98.8% P removal for 
food industry effluents with an MBR operated at approximately 3 90 hours. 
2.2.7.3 Mixed Liquor Suspended Solids 
MBRs in sidestream configuration are usually operated at higher MLSS 
concentrations than MBRs in submerged configuration. MLSS concentrations between 
10 and 40 g/L are common for sidestream MBR processes; whereas 5-20 g MLSS/L is 
usually applied for MBRs with submerged membranes. In addition, the MLSS 
concentrations (10-28 g MLSS/L) for the MBR treatment of municipal wastewaters are 
lower in comparison to industrial wastewaters (15-40 g MLSS/L) (Murakami et al., 2000; 
Davies et al., 1998). However, operating at high MLSS concentrations (over 20 g 
MLSS/L) means higher viscosity which may result in possible flux decrease (Crawford et 
al., 2000). 
2.2.7.4 Oxygen Transfer 
High MLSS concentrations in MBR processes may require high capacity aeration 
systems to ensure adequate oxygenation in the aeration tank. In some cases, an oxygen 
transfer rate higher than physical limitations may be necessary. For example, Muller and 
coworkers (1995) reported that, for over 50 g MLSS/L, the aeration equipment currently 
20 
on the market may not meet the oxygen demand. Oxygen transfer factor, a, decreases 
from 0.5 at 8 g MLSS/L to 0.12 at 25 g MLSS/L and the relationship between the a-
factor and the MLSS concentration is given as (Gunder, 2001): 
a = e 0.083*MLSS' (2.1) 
Aeration tanks of most MBR applications had dissolved oxygen (DO) concentrations 
between 5 - 6.5 mg/L regardless of the MLSS, HRT, and organic loading rates. If an a-
factor of 0.75 is determined for a CAS process with 4 g MLSS/L, an increase of the 
MLSS to 20 g MLSS/L in an MBR will result in an increase in energy requirements for 
aeration of almost 400% (Gunder, 2001). 
2.2.7.5 Membrane Flux and Transmembrane Pressure 
Membranes are operated across a wide range of permeate fluxes and TMP depending 
on the module type and configuration, membrane material, and solids content of the feed. 
The range of flux, in most cases, differs from one configuration to the other and 
according to membrane pore size. Submerged membranes are operated at lower flux 
rates (see Tables 2.8 and 2.9) than sidestream membranes due to its lower driving force, 
i.e., under vacuum. On the other hand, sidestream membranes are pressure-driven and do 
not pose similar restrictions in terms of differential pressure. There is usually a 
proportional relationship between membrane flux and TMP. Nevertheless, literature 
suggests that flux tends to reach a steady level, where there would be no more increase in 
flux with increasing TMP. With viscous feeds at high MLSS concentrations (> 20 g/L), 
flux tends to reach steady level earlier. 
21 
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2.2.7,6 Sludge Treatment 
operating at extended SRTs and possibly lower F/M ratios, microbiological 
populations in MBR processes may not be similar to that of CAS processes. Extended 
SRT in an MBR is expected to favor higher ratio of filamentous organisms, which in turn 
may hinder the digestion performance (Crawford et al., 2000). Despite the low sludge 
production rate, some of the mixed liquor in the aeration tank has to be wasted and 
digested either aerobically or anaerobically. There are reported studies in the literature 
where an MBR is operated at more than 3,000 days SRT with no sludge wasting 
(Chiemchaisri et al., 1992; Rosenberger et al., 2000). 
2.3 FOULING AND CONTROL STRATEGIES 
Membranes are always prone to fouling which causes an irreversible flux decline as 
a result of increased hydraulic resistance during filtration (Pane et al., 2000). This is of 
paramount importance and a maj or concern that affects the application of membranes for 
water and wastewater treatment. The causes of this phenomenon are the precipitation of 
inorganic materials (scaling), adsorption of dissolved matter —usually organic (adsorptive 
fouling}, adhesion and growth of microbial cells (biofouling), and the presence of 
surfactants, oils and organic solvents at the membrane interface and structure (Van der 
Top and Semmens, 1992; Visvanathan et al., 2000). Scaling is a result of chemical 
precipitation on the membrane surface due to redox reactions or local pH changes 
(Semmens et al., 2000). Biofouling is caused by either adhesion of biomass to the 
membrane surface or by chemicals such as humic substances, lipopolysaccharides, 
extracellular polymers and other products of microbial residues secreted by the organisms 
(V~infield, 1979; Pressman et al., 1999). Surfactants have both hydrophilic and 
hydrophobic sites in their structures and oils are hydrophobic. Hydrophobic sites of both 
contaminants may accumulate in the pores and/or on the surface of hydrophobic 
membranes creating additional resistance, which then results in fouling. 
2~ 
Feed characteristics such as viscosity, solids content, and pH have an influence on 
the fouling tendency of membranes. Previous experimental studies indicate that viscous 
feeds tend to decrease flux and spontaneously increase TMP faster. There might be an 
exponential relationship between viscosity and biomass (MESS) concentration (Manem 
and Sanderson, 1996). For example, viscosity of the mixed liquor increased from 8.5 
mPa.s to 75 mPa.s when the MESS concentration was increased from 13 g/L to 57 g/L 
(Rosenberger et al., 2000). The extracellular polymeric substances (EPS) also contribute 
to viscosity increase and Nagaoka (1999) reported that intermittent aeration in an MBR 
enhanced the degradation of the EPS. Another drawback of the viscosity increase is that 
the velocity gradient at the membrane surface and the turbulence in the feed flow (a 
fouling preventing factor) may decrease which in turn promotes fouling (Ross et al., 
1992). Most resistance models for membrane applications include viscosity such as the 
resistance in series (RIS) model and Darcy's Law (Liew et al., 1997; Cheryan, 1998; 
Tansel et al., 2000): 
dV DP 
J = _ (2.2) 
where J is the permeate flux (i.e., volumetric flux), V the total volume of permeate, A the 
membrane area, 1~P the pressure drop imposed across the cake and membrane, ,u the 
viscosity of the suspending fluid, Rm the intrinsic membrane resistance, R~ is the cake 
resistance, and R; the internal fouling resistance including pore plugging. 
In order to describe the changes due to fouling, several fouling models have been 
developed. Permeate flux decline can be modeled through pore blockage, adsorptive 
pore fouling, concentration polarization, and cake formation. Among those, pore 
blockage and cake formation are applicable to MBRs due to the rejection characteristics 
of MF and OF processes. Initially, permeate flux is limited by the resistance of 
membrane only. Then, with the accumulation of materials on and in the membrane over 
time, a cake layer forms and resistance from the cake is added to the overall resistance 
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(Wiesner and Aptel, 1996). Several models that relate flux change with time to assess the 
fouling of membranes under different filtration conditions are provided below: 
Membrane-limited Flux 
Cake-limited Flux 
Concentration Polarization 
Adsorptive Pore Fouling 
Pore Blocking 
J, 
J.' 
J ~, 
1 + J~, Kt 
J~; 
1 + J~2 Kt 
(2.3) 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
where Jo is the initial permeate flux (cm3/cm2/min), Jt is the permeate flux 
(cm3/cm2/min) at any time, JSS is the steady state flux (cm3/cm2/min), and K is a rate 
constant (1 /cm for model 2.3, min/cm2 for model 2.4, 1 /min for models 2.5, 2.6, and 2.7) 
proportional to a deposition, adsorption, or cake formation, and B is a dimensionless 
Brownian diffusion coefficient (wiesner and Aptel, 1996). 
Membrane-limited flux model assumes that the characteristics of membrane material 
itself play a role in terms of fouling; whereas cake-limited model assumes that entire 
membrane surface is covered by a layer of particles and that the cake resistance is 
proportional to cumulative permeated volume. Concentration polarization is a function 
of the accumulation of ionic species transported towards the membrane and the diffusion 
of these species back into the feed flow. Adsorptive pore fouling is a result of adsorption 
or deposition of materials over time in membrane pores while decreasing the effective 
porosity of the membrane material. Pore blocking mechanism assumes a fraction of 
pores is completely blocked by particles. The fraction of pores blocked is proportional to 
the amount of permeate flow through the membrane. 
For an MBR to be viable it should be operated at high flux rates and fouling should 
be controlled in these systems. Optimizing operating cycles as well as proper selection of 
membrane modules are vital in order to obtain high removal and operating eff ciency 
2~ 
(Pellegrino and Sikdar, 1997). To compensate for flux decline, higher pressure/vacuum 
has to be applied in or to the membrane. Nevertheless, increase in TMP is an undesirable 
aspect in membrane filtration. The parameters such as membrane material, pressure, 
emulsifier types and concentrations, extent of fouling are some of the significant 
parameters that influence permeate flux (Panpanit et al., 2000). The rapid increase in 
TMP is usually dependent on the surface condition of the membrane. TMP also increases 
with increasing contaminant concentration and time. Fouling reduces filtration 
efficiency, shortens membrane life (often due to the need for aggressive cleaning agents), 
and increases maintenance costs (Pressman et al., 1999; Fukada et al., 2000). Membrane 
fouling results in downtime and repair of capital equipment which, in turn, affects 
operation and increases costs (Fare et al., 2000). Therefore, the ability to predict fouling 
based on influent wastewater characteristics is important to control the filtration 
conditions and minimize operation cost (Fukada et al., 2000). Some of the fouling 
control strategies include: (i) feed pretreatment, (ii) membrane selection, (iii) module 
selection; (iv) operating criteria, and (v) cleaning. 
2.3.1 Feed Pretreatment 
Since stable operation of the membranes in MBRs is desired, physical/chemical 
incompatibility of the membrane materials with the feed characteristics should be 
improved through pretreatment which may optimize the operation of the membranes in 
terms of fouling control (Woodrow and Barnes, 1996; Lindsey et al., 1994; Weltman and 
Evanoff, 1992). 
Pellegrino and Sikdar (1997) reported that prefiltering may be required in hollow 
fiber membranes, with an inside-out filtration mode, to improve the feed characteristics in 
terms of both viscosity and solids content when feed has high solids concentrations over 
20 g MLSS/L. In some cases, precipitation and scaling due to mostly divalent metal ions 
suc as calcium, magnesium, strontium, silicon, and ferrous iron (i.e., calcium carbonate, 
calcium sulfate, calcium phosphate, barium sulfate, strontium carbonate, strontium 
sulfate, iron hydroxide and silicon dioxide) may pose significant problems in the 
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membrane processes especially for NF and RO applications (Butt et al., 1995; Johnson et 
al., 2003). The scaling may be partially or fully controlled with pH adjustment and anti-
scalant addition. For example, silicon dioxide (silica) forms silica scale which is difficult 
but possible to remove with the addition of ferric iron (Bremere et al., 2000).). As a 
pretreatment step, antiscalants are commonly applied as scale inhibitors, which tend to be 
organic compounds with sulphonate, phosphonate or carboxylic acid functional groups, 
and chelating or sequestering agents (i.e., activated carbon, alum, zeolites, EDTA, and 
polyphospates) which sequester and neutralize a particular foulant, to increase the 
solubility of metal ions such as calcium, magnesium, manganese and iron in water 
(Bonner, 1991; Mallevialle et al., 1992). 
High concentrations of hydrocarbons (HC) and surfactants should be limited in the 
feed as these are among the major foulants that result in flux decrease in MBR 
applications. For example, at 18°C, 200 kPa, and 1.2 m/s crossflow velocity, the steady 
flux was 3 5 0 L/m2/h when the concentration was 1 g/L HC whereas it was only 100 
L/m2/h for 2 g/L HC. Temperature played an important role when the feed contained 
hydrocarbons such that the size of hydrocarbon clusters decreased from 100 µm to 2µm 
when the temperature was increased from 18°C to 35°C. In addition, the maximum 
steady flux was reached when the suspended solids to hydrocarbon (SS/HC) ratio (wt/wt) 
was approximately equal to 1 due to agglomeration process (Lopez et al., 1995; Elmaleh 
and Ghaffor, 1996b). 
Hydrophobic functional groups on proteins have a tendency to attach onto the 
membrane surface resulting in cake layer formation. In this case, the permeate flux is 
very much dependent on pH and ionic strength, and protein accumulation on the 
membrane surface can be controlled by adjusting pH and salt levels (Fane et al., 2000). 
Higher flux values are observed at higher pH due to lower accumulation of proteins on 
the membrane surface due to greater repulsion effect. 'With an increase in pH, 
concentration polarization will be lower, due to higher repulsion effect from the 
membrane surface and the adjustment of salt concentration, which, on the other hand, 
helps to minimize the ionic strength of the protein molecules and the liquid phase 
~~ 
resulting in lower attachment on the membrane surface (Ghosh and Cui, 1998). At pH 7, 
with high salt concentration (300 mol/m3), the permeate flux at a polysulfone membrane 
was higher than pH 4, with high salt concentration (600 mol/m3) whereas the flux was 
lowest when no salt was present (Iritani et al., 1995). 
Adsorption of natural organic matter (i.e., humic substances) can be minimized by 
adjusting the pH of the feed solution to 7 or precipitating with A13+, Ca2+and Fe3+ ions 
while decreasing their membrane-binding potential through blocking the functional 
groups on the organic matter (Maartens et al., 1999). 
2.3.2 Membrane Selection 
Characteristics of membrane materials are covered in an earlier section. Literature 
data show that the hydrophobicity/hydrophilicity characteristics of membrane and the 
charges on membrane surface have a significant impact on fouling. According to Baker 
(2000}, membranes show higher resistance to fouling with increased hydrophilicity. In 
addition, fouling rates may be lower when membrane surface is negatively charged 
considering that most of the colloidal materials in wastewater treatment applications are 
negatively charged. Negatively charged or neutral membranes limit biomass adsorption, 
therefore reduce fouling propensity (Shimizu et al., 1989). On the other hand, 
membranes with higher porosity can provide longer filtration periods and higher flux 
rates due to high permeability before fouling reaches unacceptable levels. 
In order to control flux and fouling resistance, surface chemistry of membranes can 
be altered. With regards to the base material, polysulfone membranes are more 
susceptible to fouling than cellulose acetate and polyamide membranes due to the higher 
hydrophobicity of polysulfone membranes (Panpanit et al., 2000). Hydrophobic 
membranes .attract oils and organic solvents resulting in spontaneous pore blocking 
(Semmens et al., 2000). 
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2.3.3 Module Selection 
The tendency for fouling may be due to the type of membrane module selected. 
Concentration polarization control, resistance to fouling, and backflushing efficiency are 
key attributes considered in fouling control when selecting membrane. 
Concentration polarization control (CPC) is especially important in ultrafiltration. 
Tubular modules provide very good polarization control whereas plate-frame provides 
good control, and hollow fiber and spiral wound provide moderate control. CPC and 
fouling resistance are highly correlated. Tubular modules have been shown to be more 
resilient to fouling than others and can carry high pressures when the membrane is made 
of inorganic material (Baker, 2000). Tubular membranes are generally limited to 
ultrafiltration applications (Baker, 2000). These modules demonstrate less fouling 
tendency for highly fouling feeds with high solids content (Pellegrino and Sikdar, 1997; 
Baker, 2000), and are well-adapted for very viscous wastewaters (Aptel and Buckley, 
1996). Hollow fiber modules have high fouling tendency (Baker, 2000). The low-to-
moderate susceptibility to fouling due to reduced concentration polarization of micro 
solutes and increased critical flux of particulates along with lower capital cost may make 
spiral wound module more popular than tubular module (Da Costa et al., 1993). 
However, spiral wound module is sensitive to fouling (Kulkarni et al., 1992b). 
Hollow fiber membranes demonstrate high backflushing efficiency and low 
operating velocities (Aptel and Buckley, 1996). Table 2.10 provides membrane modules 
and their characteristics in terms of fouling and its control. 
Table 2.10 Membrane modules: fouling characteristics and fouling control (Sikdar and 
Irvine, 1997; Aptel and Buckley, 1996; Pellegrino and Sikdar, 1997) 
Concentration Fouling Backflushing 
Module Type Polarization Control Resistance Efficiency 
Hollow Fiber Moderate Low High 
Plate-Frame High Moderate High 
Spiral Wound Moderate Moderate-High Low 
Tubular Very high Very high Very high 
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2.3.4 Operational Criteria 
The operation of the MBR is affected by a series of inter-correlated parameters, with 
each parameter having an individual impact and/or synergic impact with other parameters 
on fouling. The parameters of importance include SRT, MLS S, crossflow velocity, flux, 
and TMP. All these key parameters must be considered in fouling control while 
operating the MBR. One or several of these parameters may be controlled in an MBR to 
restrict fouling. For example, Fane and coworkers (1989) suggested running an 
isoporous and highly porous, hydrophilic membrane with smooth surface at low to 
modest pressure to reduce fouling. 
Identifying the critical flux of the membrane and operating the membrane module 
below this critical flux is an essential approach to prevent fouling (Fane et al., 2000). 
Critical flux is described as the flux at which TMP starts to increase substantially. When 
operating below the critical flux, the TMP increases gradually. Close to the critical flux, 
the TMP increases rapidly over a short period of time and at this point, backflushing must 
be instituted (Cho et al., 1999). 
2.3.5 Backflushing and Cleaning 
Membrane fouling in MBR systems can take place on the membrane surface or 
inside the membrane pores and can be reversible (i.e., removable by physical washing) or 
irreversible (removable by chemical cleaning only) (Chang et al., 2002). Operating 
cycles which include flow reversals, back pulses, and periodic cleaning regimes are 
commonly employed to control Th1P increase. It is vital to optimize these procedures in 
a way that stable operation of MBR is achieved (Pellegrino and Sikdar, 1997). Operating 
membranes below critical flux, low to moderate pressure (<100 kPa for MF and <400 
kPa for UF) and maintaining high turbulence (crossflow velocity >2 m/s) in the 
membrane module decreases fouling tendency (Madaeni et al., 1999; Visvanathan et al., 
2000). Intermittent filtration has been shown to be effective in fouling control 
(Visvanathan et al., 2000). However, backwashing with permeate, or air, or both is 
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probably the most effective operational strategy in controlling fouling (Fare et al., 2000). 
In order to reach steady state operating conditions in membrane modules, backwashing 
needs to be applied periodically at high velocities to reduce the accumulation of biosolids 
in modules (Pankhania et al., 1994). 
In the case of hollow-fiber modules, vigorous air scouring was found to be more 
effective than backwashing (Pankhania et al., 1994). For example, compressed air (90 
psi or 6.2 bar) followed by a feed water flush can effectively remove debris from the 
membrane surface of micro size hollow fiber modules (Gagliardo et al., 2000). Hollow 
fiber modules can be backwashed by the permeate with free chlorine residual or with a 
combination of the permeate and feed water (Gagliardo et al. 2000). Rather than 
backwashing, some systems employ coarse air to remove the cake layer deposited on the 
membrane surface by increasing shear and maintain a steady permeate flux during 
operation (sometimes during a relaxation period) (Crawford et al., 2000; Hong et al., 
2002). This observation was attributed to an increase in back transport of foulants from 
the membrane surface by shearing stress through uplifting air bubbles and turbulence 
(Belfort, 1989). For example, for a submerged MBR with approx. 5 g MLSS/L, the 
permeate flux increased from 30 to 50 L/m2 hr when the aeration rate was increased from 
0.33 to about 1.25 UL aeration-volume/min. However, for a particular membrane 
bioreactor with given operating and membrane characteristics, there is a critical air rate at 
which flux enhancement does not happen any more and the critical air rate may also 
indicate irreversible fouling on the membrane surface or pores (Hong et al., 2002). Air 
sparging (sidestream) and air scouring (submerged) are other methods which may 
enhance the permeate flux in membrane applications (MF and UF), especially in tubular 
and hollow fiber membrane modules (Cabassud et al., 2001). 
Chemical cleaning is the last resort in cleaning the membranes and has to be done 
when backwashing or other operational measures does not improve flux. If fouling 
becomes too extensive and membrane productivity is lowered beyond compromise, the 
membrane must be replaced. Cleaning procedures vary due to membrane material, 
chemical agent, temperature, pH range, fouling type, cleaning frequency and duration and 
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are usually provided by the membrane supplier (Taylor and Jacobs, 1996). Membranes 
can be cleaned by acids (nitric acid, sulfuric acid, hydrochloric acid, and phosphoric 
acid), bases (sodium hydroxide), anionic and cationic surfactants/detergents, oxidizing 
agents and disinfectants (hydrogen peroxide and chlorine), and enzymes as well as a 
combination of these along with hot water (rinse water). High pH organic cleaners (i.e., 
EDTA in NaOH) are commonly used to remove organic solutes from the membrane 
surface. Nitric acid (0.5% by v/v) can be used with an alkaline detergent (0.05 mol/L, 20 
min) or alone to clean the membranes and full recovery of the membrane may be 
obtained (Bilstad et al., 1992; Luonsi et al., 2002). Phosphate-based detergents are used 
to remove organics while phosphoric acid (3-5% by v/v) removes inorganic scales such 
as CaCO; . Hydrogen peroxide is a highly effective cleaning agent generally for organic 
foulants (Chang et al., 1994). 
Cleaning agents and conditions which are not optimized may increase the operating 
costs through the over-use of chemicals or the use of harsh conditions and cleaners, 
which, in turn, may significantly reduce membrane lifetime thereby increasing 
replacement cost. pH of the membrane operation may be significant in membrane 
cleaning as higher recovery rates were achieved with hydrochloric acid and sodium 
hydroxide when the operating pH was S . 
Morphology and structure of the deposited foulants is of crucial importance in 
selecting correct chemical agents and cleaning conditions for chemical and enzymatic 
cleaning of ultrafiltration/microfiltration membranes fouled by proteins (Arguello et al., 
1998). For example, Munoz-Aguado et al. (1996) applied a commercial 
enzyme/surfactant cleaner, Terg-A-Zyme (TAZ) and a combination of pure enzyme (a-
chymotrypsin, a-CT) and pure cationic surfactant (cetyl-trimethyl-ammonium bromide, 
CTAB) in a polysulfone membrane and obtained maximum cleaning efficiency at 0.4 
by wt TAZ concentration at 50°C, which is half the supplier's recommendation. The 
membrane was used in .the ultrafiltration of bovine serum albumin (BSA) and whey 
protein concentrate. The greatest enzymatic activity was obtained at pH 7.5-8.5 and 40°C 
temperature. However, it may be necessary to establish the optimum substrate-to-
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enzyme ratio for each membrane system. On the other hand, for CTAB, cleaning 
efficiency increased with temperature and surfactant concentration and was highest at pH 
7 because at this pH the protein was charged negatively which, in turn, resulted in 
increased interaction with the surfactant. The efficiency of the two-step cleaning process 
(with a-CT followed by CTAB) was greater (highest at pH 5) than a single step cleaning 
with either surfactant or enzyme alone and was increased by rinsing with water at 40°C 
between each step. The rinsing step allowed the use of lower CTAB concentrations (0.1 
by wt) in step two of the cleaning process. The use of the optimum concentration of 
TAZ after fouling at pH 7 was the most efficient cleaning procedure investigated, while 
at pH 5 the most efficient cleaning procedure was 0.01 wt% a-CT —rinsing with water at 
40°C — 0.2 wt% CTAB. 
The disadvantage of such amulti-step cleaning process is the time required for the 
cleaning process, while a major advantage is that the milder cleaning conditions (at lower 
chemical concentrations) are likely to be more economic both in terms of immediate 
cleaning costs and also in terms of extended membrane lifetime. Enzyme is necessary to 
break up the proteins in the fouling layer, and there is also a need for a detergent 
(preferably with a charge which is the opposite of the foulant layer) to help remove the 
lipids from the membrane surface (Munoz-Aguado et al., 1996). 
Tran-Ha and Wiley (1998) reported that chloride in tap water reduced the cleaning 
efficiency while sodium, nitrate and sulphate appeared to improve the flux recovery 
during membrane cleaning and the cleaning efficiency was improved at higher ionic 
strengths. For example, increase in ionic strength using KCl was found to improve the 
ultrafiltration flux for polysulphone and sulphonated polysulphone membranes fouled 
with protein (Nystrom, 1989). In addition, Wenten (1994) indicated that mineral salts 
and ions may alter the activity of the cleaning solution or interact with proteins in the 
fouling layer, thus reducing the cleaning efficiency. Fane et al. (1983) studied the effect 
of salts such as NaCI, Na2~O4 and CaCl2 on flux at different pH values during 
ultrafiltration of proteins using polysulphone membranes and stated that protein 
adsorption was greater in the presence of salts due to the permeability change of the 
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deposited protein. pH values above the isoelectric point of the feed may be responsible 
for flux decrease (Tsuge et al., 1996). The presence of components such as calcium, iron 
and silica has also been reported to lead to the formation of deposits and membrane 
fouling and pretreatment should be applied (Kinsella and Whitehead, 1989). Hardness 
has been found to be harmful to polysulphone membranes as hard water salts precipitate 
on the membrane producing binding sites for other foulants and protecting bacteria from 
the action of cleaning agents (Bonner, 1991). 
The application of NaOH and H2O2 (at concentrations 0.3 and 0.5 % by wt, 
respectively) as the chemical cleaning agents led to the development of a combined 
simultaneous caustic cleaning and oxidation method (CSCCO), which restored 73, 82, 
and 87% of the original membrane's water permeability within 8 minutes at 22, 40, and 
80°C, respectively. To increase the rinsing efficiency after cleaning, the membrane may 
be subjected to a periodical backpulsing of permeate (backflush frequency 0.03 3 Hz, 
backflush duration 1 s, backflush pressure at 200 kPa) during a water cleaning process 
which may reduce the total resistance by more than six fold (Gan et al., 1999). 
Ultrasound may be efficiently applied to clean polysulfone, polyacrylonitrile and 
polyvinylidenefluoride, and a-alumina membranes with as much as 98.9% recovery of 
the original permeate flux after 1 min ultrasound cleaning (frequency of 45 kHz and an 
output power of 2.73 W/cm2) with water inside the module (Chaff et a1., 1999; Xi' un et J 
al., 1999; Luonsi et al., 2002). 
Backflushing at a pressure of 200 kPa (2 bar) for 1 s every 120 s increased the flux 
and reduced the pure water flux reduction from 14.6% to 8.1 %. By increasing the 
experimental temperature, the permeate flux increased as expected according to changes 
in viscosity and density of water. At optimum conditions, it was possible to achieve a 
stable flux higher than 140 L/m2/h for 23 h (Luonsi et al., 2002). 
The cleaning requirements for two membrane configurations (submerged and 
sidestream) differed significantly such that a submerged plate and frame membrane 
module employed membrane cleaning with 0.1 %sodium hypochlorite solution twice a 
year while the flux and fouling rate were much higher in a sidestream system which often 
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required more frequent and rather more aggressive cleaning by backwashing (reversal of 
permeate flow for a short time at filtration pressures) or chemical cleaning (i.e., cleaning 
cycle with 5.25 %sodium hypochlorite at 60-80°C along with concentrated nitric acid 
lasting about 2 h) (Ghyoot et al., 1997; Gander et al., 2000). 
In some MBR applications, where high flux rates are required, the membrane is 
regenerated on a weekly basis due to high dissolved protein contents, solids, and 
hydrophobic compounds such as oil. A regeneration procedure may include flushing 40 
L of tap water through the system, recirculation of 20 L of heated tap water (60-80°C) 
with 400 ml of a 5.25% NaOCI through the membrane for a period of 45 min. After the 
system is flushed out with tap water, the procedure is repeated with a 1 % nitric acid 
solution. Finally, the system is rinsed with 40 L of tap water. Overall, the system is 
interrupted for 5 h during regeneration (Cicek et al., 1999). 
2.4 COST OF MBR APPLICATION 
Cost is an important factor that should be considered before designing or selecting 
different membrane filtration modules. Design of membrane module is in continual 
development and is driven by the cost of module production, and operating cost of the 
module. Literature shows that, over the years, both capital and operating costs have been 
reduced through scientific research and development of new membranes and module 
improvements, and an increase in sale and production of membrane equipment (Crawford 
et al. , 2000). MBR clearly is a strong candidate for municipal and industrial wastewater 
treatment in the .near future provided the capital and operating costs are at competitive 
level. Nevertheless, higher capital costs of MBR are likely to be compensated by savings 
in operating costs and smaller footprints. 
The cost of MBR plants varies widely depending on the size of plant, the type of 
wastewater treated, and the separation performed. Capital cost for a OF unit can be as 
high as $0.67/m3 of wastewater whereas operating costs are usually around $0.99/m3 of 
wastewater (Baker, 2000) and as low as $0.1 /m3 (Davies et al., 1998). 
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2.4.1 ..Capital Cost 
The cost of membrane, constitutes the majority of the capital cost of an MBR system. 
Capital costs of an MBR process are substantially influenced by the membrane cost itself, 
which may typically contribute around 10-20% of the total capital cost (Chang et al., 
2001). Extensive fouling may require membrane replacement, which further adds to 
capital cost. Membrane equipment costs are approximately linearly proportional to plant 
size and a function of membrane surface area unlike conventional wastewater treatment 
systems (Stephenson et al., 2000). It is difficult to quantify the capital cost due to 
varying market prices, competition, and module types. For example, the manufacturing 
cost for plate-frame and tubular modules is, on average, 25 times higher than hollow fiber 
and spiral wound modules (Baker, 2000). Lamb (1996) claimed that, of the different 
membrane modules, hollow-fiber module has the highest capital investment. However, 
recent market prices state otherwise that tubular module has the highest capital cost. On 
the other hand, Visvanathan et al. (2000) reported capital costs of $80, $35, and $30-40 
per membrane surface area (m2) for plate-frame, tubular, and hollow fiber membranes, 
respectively. The contradicting costs that were stated above indicate that it is highly 
difficult to compare the membrane costs per membrane surface area for different 
membranes due to different applications and fluctuating costs. 
Designing a system with high MLSS (preferably over 20 g MLSS/L) leads to less 
aeration tank volume, which translates to lower capital cost. With larger systems, it is 
more cost effective to reduce the MLSS concentration in the aeration tank since 
additional tank volume costs less than the extra cost of membrane needed (Crawford et 
al., 2000). With a submerged system, the membranes are operated at a Lower flux which 
requires a higher membrane area as compared to a sidestream system and thus higher 
associated capital costs (Gander et al., 2000). 
Specific capital cost for a small scale MBR (1,400 m3) may be as high as $0.47/m3 of 
wastewater treated while the cost of secondary treatment by MBR (including land and 
civil .costs) starts from $0.2/m3 of wastewater treated fora 1,400 mild ca acit MBR p Y 
(average MLSS of 16,000 mg/L, 4.5 hours HRT, and 45 days SRT) and reduces to 
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$0.1/m3 for an MBR plant of 22,500 m3/d capacity (Davies et al., 1998; Visvanathan et 
al., 2000). This indicates that the capital costs are inversely proportional with the MBR 
plant capacity. 
2.4.2 Operation host 
Electricity, membrane replacement and maintenance, and labor contribute towards 
the operating cost of membrane applications in wastewater treatment. For wastewater 
treatment applications, fouling can be a maj or concern that may propel the operating cost 
of membranes for water and wastewater treatment through application of higher 
pressure/vacuum to compensate for flux decline as a result from fouling. 
Electricity costs are power requirements for feed and concentrate pumping, permeate 
suction, and aeration. Since pressurization to overcome the hydrostatic head on the 
submerged membranes is not required, energy costs for typical submerged MBRs are 
approximately 10% lower than that of conventional aeration systems (Semmens et al., 
2000). Energy requirements for each module configuration vary due to varying head loss 
across the modules. For example, spiral wound membrane module provides relatively 
lower head loss than other modules during operation (Aptel and Buckley, 1996). 
As oxygen supply counts for more than 70% of total energy cost in municipal 
wastewater treatment plants (W~]VTPs) the design of the aeration system is vital for 
efficient operation (Gander et al., 2000). In this respect the a -value (aeration or 
oxygenation coefficient) is an important factor in the operating cost and is dependent on 
MLS S concentration, loading rates, surfactant concentrations, and air flow rates. The 
average a-value at typical 12 g MLSS/L for a submerged MBR equipped with additional 
coarse bubble aeration. system for fouling control is about 0.6 ~ 0.1 due to the 
consumption of supplementary aeration (Cornel et al., 2003 ). The submerged 
configuration operates more cost effectively than the side-stream configuration with 
respect to both energy consumption and cleaning requirements, with aeration providing 
the main operating cost component as it is required for both mixing and oxygen transfer. 
In the sidestream systems, it is usually the pumping of the concentrate recycle stream that 
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incurs the greatest energy cost, contributing 60-80 % of the total operating costs. If a 
permeate vacuum exists, the energy cost maybe up by two orders of magnitude, as 
compared to the submerged configuration due to the recycle component. 
Maintenance practices such as flow reversals, back pulses, various cleaning 
procedures and, if necessary, membrane replacement also contributes towards the 
operating costs (Pressman et al., 1999). The contribution of membrane replacement cost 
in the overall operating cost can be as high as 30 % (Urbain et al., 1998). Recent results 
from afull-scale MBR test plant indicated that the treatment of concentrated wastewater 
consumed less than a third of the CAS power requirement (Kimura, 1991). Approximate 
capital and operating costs for MBRs are provided in Table 2.11. 
Table 2.11 Membrane costs* 
Module Type 
Hollow Fiber 
Plate-Frame 
Spiral Wound 
Tubular 
Capital Cost ($) 
Low-Moderate 
Moderate-High 
Moderate 
Very high 
* Adapted from Kulkarni et al. (1992b) and Visvanathan et al., (2000) 
O & M Cost ($) Cost/Surface Area ($/m2) 
Low 
High 
Moderate 
High 
SO-65 
80-130 
60-90 
60-220 
2.5 TREATMENT PERFORMANCE OF MEMBRANE BIOREACTORS 
There are many applications of MBR for the treatment of municipal and industrial 
wastewater treatment provided by many companies. Some of the MBR systems are 
patented membrane systems with applications for specific wastewater feeds, i.e., oily 
wastewater treatment. A summary of contractor companies for MBR applications that 
treat municipal and industrial wastewaters is given in Table 2.12. 
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Table 2.12 Summary of contractor companies for full-scale treatment applications of 
membrane bioreactors 
Module Module 
Company Feed Configuration Type Bioreactor 
AquaTech, KO Municipal S T Aerobic 
Industrial 
Aquator, UK Municipal S PF Aerobic 
Industrial 
Degremont, FR Municipal S NA Aerobic 
Industrial 
Dynatec, USA Municipal SS T Aerobic 
Industrial 
Kubota, JPN Municipal S PF/PS/T Aerobic 
Membratek, RSA Industrial SS T Aerobic, Anaerobic 
Orelis Domestic S/SS PF Aerobic 
Industrial 
USFilter, USA Municipal S HF Aerobic 
Wehrle Werk, GER Domestic SS T Aerobic 
Industrial 
Landfill L. 
Zenon, CAN Municipal S HF/T Aerobic, Anoxic 
Industrial 
S-Submerged, SS-Sidestream, HF-Hollow Fiber. PF-Plate-Frame, T-Tubular; NA —Not available 
2.5.1 Municipal Wastewater Treatment 
The largest existing full-scale MBR implementation in municipal wastewater 
treatment is reported by Mourato et al. (1999) and is in Arapahoe County, Colorado with 
3,800 m3/d (1 MGD) capacity. The facility provided excellent organics removal and 
almost complete phosphorus removal. Running at an extended SRT (50 days), this 
facility demonstrated the ability of the MBR process to provide complete nitrification and 
successful operation at elevated solids levels between 10-20 g/L. By the end of 2005, 
however, Gwinnett County of Georgia may have the largest membrane. (ZeeWeed~ 
Zenon Environmental Inc.) application in the US with a proposed capacity of 150,000 
m3/day (40 MGD). 
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The MBR for the treatment of municipal wastewater treatment can be operated over 
a wide variety of HRT, SRT, MLSS, and loading rates using different membrane types 
and configuration. Most of the studies in the literature report that high removal 
efficiency was achieved with MBR applications at low HRTs (1-4 hrs) as compared to 
the conventional wastewater treatment systems. From the summary provided in Table 
2.13, it can be seen that MBRs for municipal/domestic wastewater treatment can be 
operated over a wide range of operating and loading parameters. The HRT for these 
studies ranged between 2 to 24 hours, most of which are below 10 hours. These values 
are typical as compared to ~ CAS processes. SRT range in these studies, however, was 
between 5 to 0o hours where 25 to 50 days SRT was typical. Biomass concentrations in 
the MBR applications were higher than those of CASs such that the typical MLSS 
concentrations for the MBR applications were 15-25 g MLSS/L. 
Submerged hollow fiber and sidestream tubular ceramic membranes were common 
in these studies, which achieved very high removal rates of COD, BODS, TK;N, NH3, 
NO3, TP, and SS which were mostly greater than 99% at relatively higher mass loading 
rates than CBTPs. The average mass loading rate for the MBR (0.83 kg COD/kg V S S/d) 
was at least two times of those of CAS processes (0.1-0.4 kg COD/kg V S S/d) but the 
average volumetric loading rates for the MBR (1.6 kg COD/m3/d) was four times of those 
of CAS processes (0.4-0.8 kg COD/m3/d). Up to 95% of COD, 97.7% of ammonia 
nitrogen and 100% of suspended solids were removed on average (8% to 12% of the total 
COD removal was attributed to the membrane separation) (ding et al., 2000; 2001). 
Some researchers were able to achieve loading rates as high as 8.9 kg of soluble 
COD/m3/day with removal efficiencies about 86% for COD in less than 1 hour h draulic Y 
retention time (Pankhania et al., 1994). In some of these studies, complete nitrification 
resulted in low ammonia and organic nitrogen concentrations but with high nitrate 
concentrations. In addition, phosphorus was fully consumed by the biomass for cell 
growth (Cicek et al., 1998). 
40 
Ta
bl
e 
2.
13
 S
um
m
ar
y 
of
 p
ilo
t s
ca
le
 m
un
ic
ip
al
 w
as
te
w
at
er
 tr
ea
tm
en
t b
y 
m
em
br
an
e 
bi
or
ea
ct
or
s 
U _~
cc3 
o 
~ ° a~ ..~ 
~~ 
GL~ c~ ~~ 
~~ 
~ ~ 
~ ~ 
C/~ 
~ ~ 
~ 
~ 
O ~ 
~--~ ~ 
o ° 0 0 0 
o~ o o \ ~~ o ~ o 0 
~ CT ~ ~ ~ O~ ~ ~ ~ N O~ Q~ O~ O~ O~ p~ p~ O~ p~ 00 
n °` n n n 
Xi
ng
 e
t 
al
. (
20
00
) 
~ ^ 
~_ ~ 
3 ~ 
\° o o \ o 
~ ~ O ~ ~ 
o~ ^-' n 
Qc.~z~Ot„~Qz °x~Qx oo~zz~~o~~ oz~o
U ~ E-~ V E--~ U V ~ 
N 
N 
Q 
-~ a 
O ~ N .~ 
~ ~ ~ 
~ ~ ~ 
N 
a~ u.~,000a 
~~^off ~o ~-. 
a~ 
U 
V? 
Wa
st
ew
at
er
 
O 
C, 
8 
r—. 
O 
.-~ 
O 
N 
04 
0.
07
 a
s 
C
O
D
 
Xi
ng
 e
t 
al
. (
20
01
) 
o ° o 
0 0 0 0~ o N~ 
O, ~ O~ ~ p~ t~ p~ 
O~ a1 ~ CT O~ 01 ~ Q~ n °, n 
~~z~~~z~ 
~ Q o ~n o 
~ Z M  ~ "" M
z 
ct' 
Q Q Q 
Z Z ~ N 
Q Q ~ 0 ~ 0 ~ E..., ~ E--' 
~ ~~ ~~ z r., ~ ~ .~ 
0 O c co 0 
50
-1
00
 L
/m
2/
hr
 
Q Q z 
~ ~Q ~-~ ~~ ~. ~ ~QV ~ ~ ~ 
~~o c ~ooa o ~oo~ o 
Vocr, oVoM o VoM~ o 
0 0 0 0 0 
-~ -- —• .~ a a. a. a a 
~ U _~ 
U 
V U 
. ,.., 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
41 
Ta
bl
e 
2.
13
 (
co
nt
'd
) 
a~ 
U 
~. 
w 
C~ a~ 
U 
.-~ 
01 
~, 
s... ~.,~ U O bA ~; 
~ O ~ 
~ ~ ~ 
a~ .~ a~ 
c~ 
~ a U 
0 0 0 0 0 
o o~ o 0 0 0 0 00 ~ o 0 0 0~ o ~ 
O~ Q~ O O~ V~ 00 04 M ~O O O,  ~ ~ ~ O O~ O~ O 
o ~ n c• oo n o~ ~ oo ~ o~ ~ n v n n o~ n n ~r 
~~ 
/'~ n ^ n 
M {...~ M f~i i~l Q Mai Zi M 
O~zrr~O~za, c~O2v~0Oz OaCxa 
UZE~-~ tnUZE-~ E-~v~VE-v~GQU~ VE-~ZH 
ca ~ ~~ 
E—' xN.. 
~ O 
~ ~ 
~ ~ 
•~ 
.~ 
0 
0 
N 
Q 
z 
O 
~ ~ ~~ ;3 
~ ~ ~~ ~ 
a~ci a 3o Q 
~ .~ = o O ~~o
a~ 
U 
Wa
st
ew
at
er
 
8 
M 
N 
0.
06
-0
.0
9 
as
 C
O
D
 
z 
~+ N 
~ ~ 
N 
o ~ 
N 
O~ i 
04 
~t 
~~ 
N ~ ~ ~ 
~ O 
0.
07
-0
.0
9 
as
 C
O
D
 
z 
0 
n 
~' 
N 
Q z 
O Q 
.~ 
Z 
Q 
z 
"\G 
M 
0 
O 
U 
3 ~-
~~ ~~ ~ ~ ~0 4-, 
as Q N a) G 
.~ o ~ .~ 
c% ~~cix 
O O O O 
a, a a, a 
U U U U 
4~ C~ U CJ 
~ cn ~ ~ 
Q Q Q 
000 
U U U 
~ ~ ~ 
N c!' 
O O O 
z 
cv U_ 
N~ 
~ • ~ ~ N
a~ 
oN~Uo~ 
O 
a 
42 
Pankhania and coworkers (1994) reported excellent coliforms rejection with a 
submerged neutrally charged, hollow fiber membrane module coupled with activated 
sludge process. Over 6 log removal of total coliforms and 4 log removal of 
bacteriophages were achieved (Cote et al., 1997). Cote and coworkers operated the 
membrane without any chemical cleaning at 5-16 min backwash frequency and 15-30 s 
backwash duration where Pankhania et al. (1994) operated the membrane at 15 sec 
backwash/15 min filtration backwashing frequency. Operation modes reported by 
Ogoshi and Suzuki (2000) were 8 min filtration-2 min pause and 18 min filtration-2 min 
pause for PF and HF modules, respectively. Rosenberger et al. (2002) applied air-
bubbling and backflushing to clean the membrane in-place every two months for one or 
two hours. The average sludge production observed in some of these studies was 
between 0.2 kg SS/kg COD/d to 0.32 kg TSS/kg COD/d (0.3-0.5 kg TSS/kg COD/d for 
CAS) (Trouve et al., 1994; Winnen et al., 1996; Cote et al., 1998). 
Cicek et al. (1999) operated apilot-scale, aerobic membrane bioreactor (MBR) to 
steady state under conditions of limited and excess phosphorus and concluded that 
phosphorus is an important factor in the operation of an MBR, and excess amounts or 
shock loads reduce the effectiveness of the system. Zhang et al. (1997) studied a full-
scale activated sludge system (400 m3/d), and two nightsoil treatment plants (50 m3/d) as 
well as laboratory scale membrane separation bioreactor (0.062 m 3/d) and compared with 
conventional activated sludges (CAS) taken from municipal wastewater treatment plants. 
Specific nitrification activity in the MBR averaged at 2.28 g NH4-N/kgMLSS.h were 
higher than that in CAS processes averaged at 0.96gNH4-N/kgMLSS.h. The 
denitrification activity in both processes was in the range of 0.62-3.2 gNO3-N/kgMLSS.h 
without organic addition and in the range of 4.25-6.4 g NO3-N/kgMLSS.h with organic 
addition. Flocs in the MBR processes dropped with changes in MLSS concentration and 
were mostly less than 60 µm where floc sizes in CAS processes have not much changed. 
Specific nitrification rate was decreased as floc size increased. However, little effect of 
floc size on denitrification activity was observed. 
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2.5.2 Industrial Wastewater Treatment 
Wastewaters from different industries vary widely with different pollutants requiring 
different processes. The focus of this section will be on oily wastewater. 
2.5.2.1 Oily Wastewater Treatment 
Poor biodegradability of oil makes it difficult for conventional biological wastewater 
treatment systems to treat oil (Scholz and Fuchs, 2000). In addition, because of the 
density of oil and its ability to emulsify, conventional settling tanks are generally not very 
effective. Among the available physicochemical treatment methods, ultrafiltration is 
perhaps most advantageous for treatment of oil-water emulsions (Lipp et al., 1988), 
Membranes, especially ultrafilters, were initially used as a standard process to reduce 
the volume of oily wastewater by separating the oily matter from water (Zaloum et al., 
1994). Lee et al. (1994) reduced the volume of oily waste 10 times while Leikness and 
Semmens (2000) concentrated the oil emulsion by 5 times with ultrafiltration. Bilstad 
and Espedal (1996) ultrafiltered oily wastewater and removed 96% of HC, 54% of the 
aromatics (benzene, toluene and xylene), and 95% of the heavy metals (copper and zinc). 
Ultrafiltration of the conventionally treated oily wastewater that still contained 20 mg/L 
hydrocarbons and 30 mg/L suspended solids provided 100% removal efficiency (Elmaleh 
and Ghaffor, 1996). The results show that ultrafiltration is an effective means of 
reducing the volume of the oily waste; however, the ultrafiltration alone was inadequate 
in removing the aromatics, leaving an effluent incapable of meeting the requirements of 
the effluent discharge standards. MBR with the membrane separation phase can improve 
the treatment efficiency of oily wastewaters and is more stable under highly varying 
influent organic matter concentration than conventional treatment systems (Zaloum et al., 
1994; Seo et al., 1997). 
Although the treatment mechanism of the MBR process has not been fully 
understood yet, the results of previous MBR studies show that MBR is capable of 
removing a high percentage of hydrocarbons, aromatics, phenols, and heavy metals. For 
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example, 99.9% oil (fuel and lubricating oil) removal, 98% surfactant removal, 93-9$% 
COD removal, 95-98% TOC removal, 60% TKN, 96% phenol, 98.8% mineral oils, 
99.9% mono aromatic hydrocarbons (MAH), and 99.96% polycyclic aromatic 
hydrocarbons (PAH) can be achieved with an MBR configuration with a sidestream 
crossflow ultrafiltration module (Scholz a.nd Fuchs, 2000; Bakx et al., 2000). The 
specifications of the membrane system are 0.23 m2 membrane surface and 15 kDa 
MWCO. The MBR was operated at 48 g MLSS/L, 0.26-0.54 kg HC/kg MLVSS/d 
loading rate, 0.82-9.82 kg oil/m3/d volumetric loading, 2.2 m/s crossflow velocity, 150 
kPa TMP, 73-85 L/m2/hr permeate flux, 6.7-13.3 hours HRT, and 16-92 days SRT. Seo 
et al. (1997) could remove only 76% of oil and its derivatives along with 89% COD 
removal with a polysulfone hollow fiber ultrafiitration membrane (30 kDa MWCO) 
under operating conditions of 200 kPa TMP, 5-30 days of both HRT and SRT. One 
probable reason for the difference in the above two studies is that the rejection 
characteristics of the ultrafilters (15 vs. 30 kDa) used was different whereas COD 
removal was dependent on the bioreactor performance. 
MBR has been successfully applied in removing chlorinated solvents from 
wastewater (Folsom and Chapman, 1991; McFarland et al., 1992). Removal rates as high 
as 99% were achieved by using polypropylene hollow fiber membrane with 0.05 µm pore 
size and 3 0% porosity without sludge wasting (Pressman et al., 1999). However, 
introduction of specialized biocultures may be required to provide high rate 
biodegradation of the chlorinated solvents (Aziz et al., 1995). 
Petrol stations usually use large volumes of water for a variety of activities such as 
car washing, floor cleaning, toilet, and cafeteria use. ,Car wash wastewaters are not easily 
disposed of in the sewer as they contain soil, emulsifiers, detergents, free and emulsified 
oil. The presence of emulsifiers result in stabilized emulsions, which makes collision 
between micro droplets during the Brownian motion ineffective (Aurelle and Verdun, 
1997). Membrane fouling is a major operational problem for oily wastewater. Lee and 
coworkers (1984) showed that fouling was mainly due to adsorption of oil into the 
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membrane structure, which modifies the effective pore diameter resulting in reduction of 
membrane permeability (Panpanit et al., 2000). 
Initial operation of MBR results in a sharp decrease in the initial flux caused by 
adsorption of hydrophobic part of the oil emulsion on the membrane surface (Danae et 
al., 1992; Panpanit et al., 2000). This phenomenon modifies the effective pore diameter, 
resulting in reduced porosity and then, membrane flux. Polysulfone membranes show 
more flux reduction than cellulose acetate membranes as Polysulfone has higher 
hydrophobicity. Richard et al. (1977) also found that in treating oil emulsion 
wastewater, membrane fouling led to reduced ultrafiltration rate over time. Danae et al. 
(1992) reported that when nonionic emulsifiers were used with Polysulfone and cellulose 
acetate membranes, polyamide membranes repelled the anionic emulsifier due to 
moderate to strong anionic surface charge, and the membrane flux decrease was not 
significant. Increase of applied pressure across membranes induces increase of 
membrane flux. As the applied pressure difference is increased, the flux of cellulose 
acetate membrane did not increase linearly in both types of emulsifier due to the 
concentration polarization and gel layer formation. In other words, cellulose acetate 
membrane is more prone to fouling than polyamide membrane due to concentration 
polarization (Panpanit et al., 2000). With increasing pressure TOC in the permeate 
increases significantly in OF membranes. One possible reason is that emulsifier of lower 
molecular weight easily penetrate through the membrane pores (Panpanit et al., 2000). 
The increase in feed concentration of nonionic emulsion causes significant flux 
reduction in OF as compared to anionic emulsion. A possible reason is that the anionic 
emulsifier increases the negative charges on oil droplets and membrane surface and 
reduces membrane fouling (Richard et al., 1977). The parameters such as membrane 
material, pressure, emulsifier types and concentrations are the significant parameters 
influencing permeate flux. By selecting Polysulfone membrane, the effect of membrane 
fouling is higher than cellulose acetate and polyamide membrane, because the 
hydrophobicity degree of Polysulfone membrane is higher than the cellulose acetate and 
polyamide membrane. The increase of pressure causes a significant decrease in permeate 
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quality of OF membranes. The nonionic emulsifier predominates in significant flux 
reduction in OF membrane rather than the anionic emulsifier (Panpanit et al., 2000). 
According to information found ~ in the literature, most of the membranes used in oily 
wastewater treatment were operated at a TMP value of approximately 200 kPa (Seo et al., 
1997; Leikness and Semmens, 2000). The more common membranes used are hollow-
fiber (Leikness and Semmens, 2000) and tubular membranes (Elmaleh and Ghaffor, 
1996; Scholz and Fuchs, 2000). Among those, zirconia/carbon composite membranes 
provided excellent rejection of oil and its derivatives (Elmaleh and Ghaffor, 1996). 
Hydrophobic membranes were usually installed with MWCO values as high as 300 kDa. 
However, membranes with ,l 5-30 kDa MWCO provided good rejection (>95%) of oil and 
its derivatives (Scholz and Fuchs, 2000; Seo et al., 1997). 
As a summary, high concentrations of COD, TOC, HC, surfactants, and PAH (8000 
mg/L, 2500 mg/L, 3000 mg/L, 200 mg/L, and 500 mg/L, respectively) were applied in 
MBR systems and the removal efficiencies were well above 90%. Although it is 
common to operate MBR up to 20 g MLSS/L (Pankhania et al., 1994; Crawford et a1., 
2000), 48 g MLSS/L was successfully applied in the studies (Scholz and Fuchs, 2000). 
Thirty days SRT was typically used in the studies above (Seo et al., 1997). Oil loading 
rates were as high as 5 g/L/d and HRTs were between 7-14 hours (Scholz and Fuchs, 
2000). 
2.6 FURTHER STUDIES 
Although the MBR technology has been extensively studied using a wide range of 
different wastes, the majority of issues addressed were related to treatability and removal 
efficiency. Very little research has been conducted on the microbial population in the 
MBR and its response to various nutrient conditions. The effect of limited and excess 
concentrations of nitrogen or phosphorus in the wastewater was not investigated in 
previous studies. Also, the impact of shock loads of nutrients or toxic compounds on the 
operational performance and biological efficiency of MBRs remain unknown. This 
information could be essential in the application of MBRs with wastewater susceptible to 
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variations in phosphorus, nitrogen, and toxic compounds. Examples would include 
effluents from industries producing specialty chemicals, such as fertilizers, and 
wastewater affected by agricultural runoffs. In addition, soluble microbiological products 
(SMPs) as well as extracellular microbiological products (EMP) may be concentrated in 
the bioreactor due to the rejection by the membrane unit and the impact of these products 
in the long run is unknown and need to be investigated as well. For example, the 
percentage of these organic solids may increase from 9% (S-day SRT) to 27% (20-day 
SRT) (Nagaoka et al., 1998). 
As in all systems, cost is a maj or issue in the applications of MBR. Focus should 
be on cheap membrane materials and designs that minimize fouling as well. On the other 
hand, it is also necessary to understand the microbial ecology since high SRTs are used as 
compared to conventional treatment systems. MBR is somewhat able to overcome the 
problems associated with toxicity and low biodegradability of wastewater content, 
especially in the case of oily wastewaters. Fundamental studies towards fouling and 
fouling prevention such as the investigation of physical, chemical, and microbiological 
factors affecting the detachment of cake layer (biofilm) from membrane surfaces are 
needed. Studies towards new modules and membrane materials providing easier 
operation, higher resistance to fouling and lower capital and operating cost would 
enhance the application of this technology. Kinetic studies related to microbiological 
performances should be carried out as well. This would promote MBR applications as 
fundamental studies would make the researchers, consultants, and operators understand 
more . 
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CHAPTER 3 TREATMENT PERFORMANCE OF A 
MEMBRANE BIOREACTOR USING TUBULAR CERAMIC 
MEMBRANE 
A paper submitted to International Water Association (IWA) ̀ `Environmental 
Biotechnology: Advancement on Water and Wastewater Applications in the Tropics" 
Conference in Kuala Lumpur, Malaysia 
Cagatayhan B. Ersu and Say Kee Ong 
ABSTRACT 
Tubular ceramic membranes, as compared to other membrane modules, are more 
resistant to fouling, more robust under harsh loading and operating conditions and may 
lower the operation and maintenance requirements for membrane bioreactors (MBR). 
Laboratory studies were conducted using a tubular ceramic membrane coupled with an 
aerated biological reactor under varying mixed liquor suspended solid concentrations, 
membrane feed rates, and permeate flux rates to characterize and evaluate the MBR 
performance and operating conditions. The change in transmembrane pressure (TMP) 
was observed and various backwashing and operating conditions were tested to maximize 
operation of the MBR. An operating schedule of 1 S minutes of operation with 15 
seconds of backwashing at a flux of 250 L/m2/hr along with an extended backwashing of 
3 0 seconds every 3 hours of operation was sufficient to maintain the TMP at less than 
140 kPa. Using a synthetic wastewater, the chemical oxygen demand and suspended 
solids removals were greater than 88% and 100%, respectively, even for hydraulic 
retention time (HRT) of 2 hours and sludge residence time (SRT) of 20 days. The TMP 
data were correlated with operating parameters as well as duration of operation using 
stepwise regression analysis and permeate flux (PF) and mixed liquor suspended solids 
(MESS) were found to impact the TMP of the MBR more than membrane feed rate 
(MFR). The correlation between the TMP change and the parameters —MESS, MFR, 
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and PF — as well as time had a correlation factor (RZ) of 0.774. MBR with a ceramic 
tubular membrane is robust performance-wise and can be operated at low aeration 
volumes (due to low HRT) with lower sludge handling requirement (due to high SRT) 
while providing high removal performance. 
Keywords: Membrane bioreactor, tubular ceramic membrane, phenol, transmembrane 
pressure 
3.1 INTRODUCTION 
With an increasing population and water consumption rate over the last two decades, 
there is a rising concern whether there will be adequate supply of drinking water in the 
future. This has resulted in an elevated attention and effort in finding alternative sources 
of water such as recycling and reuse of wastewaters. Conventional wastewater treatment 
systems with secondary settling tanks are inadequate in meeting water quality 
requirements without further treatment. Settling tanks require large spaces with no 
guarantee of proper settling of the sludge due to foaming and bulking. In recent years, 
membrane separation processes such as microfiltration and ultrafiltration have been used 
replacing settling tanks to provide separation of the solids from effluents of wastewater 
treatment plants. These systems, called membrane bioreactors (MBR), are becoming 
feasible and attractive for treatment and recovery of wastewaters. One of the major 
advantages of using membranes is that solid/liquid separation efficiency is improved. 
Compared to a conventional biological treatment process, a MBR has the advantages of 
having compact size, high effluent quality, low sludge production rate, and excellent 
microbial removal from the effluent (Chaize and ~~uyard, 1991; Kolega et al., 1991; 
Langlais et al., 1992; Chiemchaisri et al., 1993; Pouet et al., 1994; Zhang et al., 1997; 
Crawford et al., 2000; Visvanathan et al., 2000). 
Some of the common materials used in MBRs are cellulose acetate, polysulfone, and 
polytetraflouroethylene (Goel et al., 1992; Mir et al., 1992), and ceramic and oxides of 
aluminum (Baker, 2000). Among the different modules and materials applied in 
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wastewater treatment, tubular ceramic membrane is a promising candidate. Ceramic 
membranes, in comparison to other materials, have extended operating life, high 
resistance to temperature and pressure, high stability in organic media and over a wide 
pH range. In addition, it has good resistance to corrosion, abrasion, and fouling and 
increased concentration polarization control (Baker, 2000). Ceramic membranes can be 
used to process highly viscous fluids and be backwashed. The membrane itself has 
consistent pore size distribution. 
One of the main concerns with the use of membranes for biological processes is the 
fouling of the membrane which will significantly affect the performance of the MBR. 
The nature and extent of fouling in MBRs is strongly influenced by three factors: biomass 
characteristics, operating conditions, and membrane characteristics (Fare et al., 2000). 
Before membranes can be applied for a MBR system, it is of paramount importance to 
identify an appropriate operating schedule to minimize fouling and to maximize the 
volume of wastewater treated (Visvanathan et al., 2000). 
The objective of this paper was to investigate the physical operating characteristics 
of a tubular ceramic membrane in a bench-scale membrane bioreactor by varying the 
backwashing cycle. The performance of the MBR in the treatment of synthetic 
wastewater under varying hydraulic retention time (HRT) and sludge residence time 
(SRT) was also investigated. 
3.2 MATERIALS AND NZETHODS 
The bench-scale MBR experimental setup, as shown in Figure 3.1, consisted of an 
aerated bioreactor, a membrane module, four pumps, a feed water tank, and a permeate 
tank. The aerated bioreactor was made of Plexi lassT~'1 and had an o eratin volume of 6 g p g 
liters with dimensions of 17 cm width, 17 cm length, and 28 cm depth. Air was 
introduced into the reactor using filtered in—house compressed air via air diffusers placed 
at the bottom of the reactor. The air flow rate was measured using a Gilmont 250 
mL/min ball flow meter (Barrington, IL). 
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A Cole-Parmer Model 7553-30 pump was used to feed the synthetic wastewater to 
the bioreactor while a Masterflex 2500 pump was used to feed the mixed liquor to the 
ceramic membrane. To maintain constant permeate flux, another Cole-Parmer Model 
7 5 5 3 -70 pump was placed on the permeate line. A Masterflex Model 75 5 3 -5 0 pump for 
backwashing purposes was also included in the system. The operational cycles of normal 
filtration run, backwashing and resting periods were controlled using a ChronTrol® 
microprocessing timer. A ceramic tubular membrane (Fairey Industrial Ceramics Ltd., 
Staffordshire, U.K.) made of a-alumina with a diameter of 20 mm, 600 mm in length, 
and a filtration area of 0.06 m2 was used. Other specifications of the membrane are given 
in Table 3.1. The housing for the membrane was constructed of stainless steel with 
clamp ferrules for easy installation and disassembly. 
The characterization of the MBR was performed by conducting filtration runs in two 
stages: (i) with tap water; (11) with mixed liquor. The filtration runs with tap water 
provided baseline flux vs. transmembrane pressure data under varying permeate flux rates 
ranging from 10 to 60 L/m2/hr. Consecutively, the system was run with mixed liquor 
under different conditions -varying permeate flux (PF) rates, mixed Liquor suspended 
solids (MESS), and membrane feed (MF) rates to explore the operating characteristics of 
the membrane bioreactor. The information obtained from the filtration runs was used to 
establish the operational cycles —normal run, and backwashing — of the MBR system. 
The same information was also used to establish a relationship between the 
transmembrane pressure (TMP) and the MBR operational parameters. 
The membrane was operated initially without any backwashing. To assess the 
effects of backwashing on the operation of the MBR, the membrane was backwashed 
every 2 hours for 2 minutes at a backwash rate of 0.6 L/hr, and then the backwashing 
frequency was gradually increased until consistent TMP values with low backwash 
volume were obtained. Final backwashing modes that were attempted included every 15 
minutes of operation followed by 15 seconds of backwashing at approximately 1 S L/hr 
(250 L/m2/hr) with a repeated backwashing every 3 and 5 hours. 
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To assess the treatment performance of the system a synthetic wastewater was 
applied. The composition of the synthetic wastewater is shown in Table 3.2. The 
synthetic wastewater contained organic substrates, essential nutrients, and minerals 
simulating the characteristics of municipal wastewater. The bioreactor was inoculated 
with activated sludge obtained from the aeration tank of a municipal wastewater 
treatment plant in Boone, Iowa. The aerated bioreactor was operated for a period of time 
until the chemical oxygen demand (COD) removal was above 80% before the operating 
conditions were varied to assess the MBR treatment performance in the second phase. 
The biosolids concentration in the bioreactor was maintained at approx. 4,000 mg 
MLSS/L. 
The operating conditions that were varied were HRT of 2, 4, and 8 hrs, and SRT of 
20 and 3 5 days. Nominal flow rates ranged from 0.5 L/hr to 2 L/hr. The influent and 
permeate COD and suspended solids (SS) were measured along with the TMP at various 
MF and PF rates. Samples used for the analyses were 1/ 2 hour composite samples. 
Analyses were conducted according to Standard Methods (APHA, AWWA, and WEF, 
1.998). The experiments were conducted at room temperature of 21 1 °C. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Operational Characteristics 
The baseline data for the change in TMP with flux for the membrane is plotted as 
shown in Figure 3.2. The TMP followed a positive linear trend with increasing permeate 
flux. This figure is useful in the determination of membrane recovery rates due to 
backwashing and/or cleaning regimes. 
The starting TMPs as indicated in Figure 3.3 suggest that ,the TMP associated with 
the intrinsic membrane resistance for the bioreactor mixed liquor is approximately 60 
kPa. The crossflow velocity used was 1.3 m/s at 4 g MLSSIL. According to the figure, 
the TMP increased exponentially and reached 23 0 kPa in less than 2. S hours when no 
backwashing was applied. With regular backwashing of 1 S sec every 1 S minutes of 
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operation the TMP increased to 210 kPa in about 4.5 hours. However, if backwashing 
consisted of 15 minutes of operation followed by 1 S seconds of flushing with a longer 
backwashing of 3 0 seconds every 5 hours, a TMP of 23 0 kPa was obtained only after 
more than 24 hours. When 30 seconds of backwashing was conducted every 3 hours, the 
MBR system only reached 130 kPa over a 24-hour period. Although the TMP after 
backwashing increased from 60 to 70 kPa over the 24-hour period and the maximum 
TMP increased from 80 kPa to 140 kPa, the TMP for the MBR was not close to 230 kPa 
as in the other operational modes. This may be an indication of a possible long-term 
operation of the MBR with ceramic membrane at a moderate TMP level without any 
requirement of extensive cleaning of the membrane. 
3.3.2 Effect of Permeate Flux on TMP Change 
Using a backwashing mode of 15 seconds at 30 L/hr followed by 15 minutes of 
operation the TMP change with time for different flux rates are presented in Figure 3.4. 
It can be seen that in the early stages of the runs (<75 min) the TMPs were linearly 
related to the permeate flux, whereas for time greater than 75 minutes of operation, a 
parabolic relationship prevailed. Note that the starting TMP for the three permeate fluxes 
was at 60 kPa because the TMP was recorded immediately after the filtration was started. 
The rate of TMP buildup with time for the given flux rates of 20, 30, and 40 L/m2/hr 
increased with increasing permeate flux. After 2 hours of operation, the TMP value 
(approx. 150 kPa) for the PF of 40 L/m2/hr was much higher than those of 20 and 30 
L/m2/hr (75-80 kPa) at 2 g MLSS/L and MFR of 4 L/hr. Similar trend was seen for other 
MLSS and MFR conditions (see Figures 3.4 and 3.5). 
Another approach in viewing the results of Figure 3.4 is to summarize the TMP for 
various fluxes at a given time. The TMP of the membrane increased exponentially with 
increasing permeate flux especially for flux above 30 L/m2/hr after 2 hours of operation 
for experimental runs with 2 and 4 g MLSS/L (see Figure 3.5). Unlike the TMP change 
curves plotted between 2 and 4 g MLSS/L, the relationship is almost linear for 8 g 
MLSS/L. 
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3.3.3 Effect of Mixed Liquor Suspended Solids Concentration on TMP Change 
The impact of MLSS concentration on the TMP with time is presented in Figure 3.6 
for a backwashing mode of 15 seconds of backwashing at 30 L/hr followed by 15 
minutes of operation. The TMP changes suggest a parabolic relationship with MLSS 
concentration throughout the experimental runs. The TMP changes with time for 4 g 
MLSS/L and 8 g MLSS/L were similar in comparison to 2 g MLSS/L. Although the data 
is limited (3 experimental runs), the results showed that with increasing MLSS (above 4 g 
MLSS/L), the TMP reached an asymptotic value. This trend can be illustrated by plotting 
the TMP versus MLSS for a given period of operation (2 hours) as shown in Figure 3.7. 
The TMP in Figures 3.7(a) and 3.7(c) reached an asymptotic value above 4 g 
MLSS/L suggesting that when PF is held constant, the TMP is more likely to reach 
steady-state when MFR is at the highest level of 12 L/hr and MLSS is above 4 g/L. 
However, for a PF of 30 L/m2/hr (Figure 3.7(b)) the TMP changes were linearly 
proportional to the MLSS concentration. 
3.3.4 Effect of Membrane Feed Rate on TMP Change 
The TMP increased with time for various MFR as shown in Figure 3.8. However, 
the differences in the TMP for different MFR were similar indicating that the MFR did 
not impact much on the TMP. By plotting the TMP versus MFR for a given time (2 
hours) as shown in Figure 3.9, the TMP decreased for increasing MFR. This supports 
Cheryan (1998) claim that high shear rates improve sloughing of deposited material 
controlling the depth of the cake filtration layer and thus reduce the hydraulic resistance 
of the fouling layer. At a MLSS of 2 g/L, the impact of MFR was minimal except for a 
PF of 40 L/m2/hr. Kulkarni and coworkers (1992) state that increased shear is one of the 
methods to control concentration polarization and can be achieved by thin channel 
devices or high flow rates. 
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3.3.5 Treatment Performance of MBR under Varying HRT and SRT 
The studies indicated that, with increased HRT values from 2 hrs up to 8 hrs, the 
COD removal efficiency improved. The relationship of COD removal efficiency versus 
time for varying HRT values can be seen in Figure 3.10. For 20 days SRT, the COD 
removal efficiencies (~95% confidence interval) for 2, 4, and 8 hours HRT were 
87.90.5%, 890.5%, and 90.80.6%, respectively. As for 30 days SRT, the rates were 
87.50.2%, 89.1 0.2%, and 90.30.3%, respectively. According to the results, there is, 
statistically, a slight difference between COD removal rates of 20 and 30 days SRT for 
the same HRT. Nevertheless, the slight increase in COD removal with increasing HRT 
indicates that change in HRT did not play a significant role in contaminant removal. The 
results obtained are similar to the removal performances observed by previous 
researchers in terms of COD removal in MBR. With similar experimental set-ups, Osa 
and coworkers (1997) and Semmens et al. (2000) reported 80% removal of the initial 
COD as low as 9 hours. However, the experimental results of this study show that the 
MBR can be operated at ds low as 2 hours HRT with comparable COD removal at 4-8 
hours HRT of conventional activated sludge systems. The suspended solids 
concentrations for all the permeate samples tested in this study were less than 1 mg/L, 
which is well below the effluent suspended solids discharge standards. 
3.3.6 Assessment of Operational Parameters on TMP 
To assess the contribution of the various operational parameters on the TMP, a 
stepwise regression analysis was conducted. The TMP at any time as a function of 
MLSS, MFR, and PF as well as the elapsed time may be written as: 
TMP, = K x [1tILSSJ° x[MFRJh x [PF]` x [t]~ (3.1) 
where TMPt represents the transmembrane pressure at any time (t), K is a correction 
factor, and a, b, c, d are constants. By rearranging the equation for time (t) as a 
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dependent variable instead of TMPt, the needed time for the membrane to reach a 
specified transmembrane pressure may be estimated. This pressure can either be the 
maximum pressure limit that the membrane can safely be operated or a value that the 
operator may specify for operational fouling limit of the membrane. 
Using JMP statistical software, the stepwise regression analysis was performed for 
all the experimental runs. The results of the stepwise regression are shown in Tables 3.3 
and 3.4 and the overall equation is as follows: 
TMP, = 5.9 x [MLSS]0'18 x[MFR]-°" x [PF]o.3~ X ~t~o.3s ~3 2~ 
For the given experimental conditions of MLS S, MFR, and PF, the simulation model 
(equation 3.2) had a correlation factor of (R2) 0.774, where all the parameters were 
included. Time, as expected, was highly correlated with TMP with an R2 of 0.5 S 5. Of 
the three operating parameters, MESS and PF individually gave correlation factors of 
0.084 and 0.061, respectively. MFR was correlated with an R2 of 0.02. The contribution 
of MFR to the model, however, was negligible as shown by the R2 of 0.752 when MFR 
was excluded from the model (see Table 3.4). The plot of the residuals versus TMP for 
the model is given in Figure A.1 in the Appendix A. The figure shows that the model 
underestimates the TMP between 80 and 125 kPa and overestimates below and above this 
range. 
3.4 CONCLUSION 
The MBR can be operated over long period of time without excessive increase in 
TMP by instituting a backwashing cycle of 15 seconds every 15 minutes of filtration. An 
extended backwashing of 30 seconds instead of 15 seconds was used every 3 hours. 
Permeate flux (PF) and mixed liquor suspended solids (MESS) concentration had an 
impact on the TMP change as compared to membrane feed rate (MFR). The impact of 
PF on TMP change was much higher when PF was highest at 40 L/m2/hr. However, the 
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increase in the TMP was less proportional to the increase in MLSS concentration. This 
means that the TMP may become independent from MLSS at concentrations higher than 
8 g MLSS/L. As for MFR, higher MLSS levels favored the impact of MFR on the TMP 
decrease. The correlation between the TMP change and the parameters — MLSS, MFR, 
and PF — as well as time had a correlation factor (R2) of 0.774, where MLSS and PF were 
found to impact the TMP more than MFR. 
Chemical oxygen demand (COD) removal ranged at 88-91%, whereas SS was below 
1 mg/L in the permeate even for 2 hours HRT and 20 days SRT. This means that MBR 
with a ceramic tubular membrane is robust performance-wise and can be designed with 
low aeration volumes (due to low HRT) and operated with lower sludge handling 
requirement (due to high SRT) while providing high removal performance. 
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Figure 3.8 Impact of membrane feed rate (MFR) on transmembrane pressure under 
varying mixed liquor suspended solids and permeate flux rates 
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(PF) and mixed liquor suspended solids (MESS) concentrations after 2 hours 
of operation 
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Figure 3.10 Chemical oxygen demand removal performance under 20 and 30 days sludge 
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95%confidence interval) 
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Table 3.1 Specifications of the tubular ceramic membrane 
Parameter
Material 
Average pore size 
Porosity 
Flexural strength 
Diameter 
Length 
Channel: star OD 
Channel: star ID 
Filtration area 
pH range 
Maximum temperature 
Maximum pressure 
Unit Value 
--- a -alumina 
µm 0.2 
vol. 35 
MPa 45 
mm 20 
mm 600 
mm 4.6 
mm 2.8 
m2 0.06 
--- 0.5 - 13.5 
°C 140 
kPa 800 
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Table 3.2 The composition of the synthetic wastewater 
Ingredient Concentration, mg/L 
Calcium sulfate 30 
Magnesium sulfate 3 
Ferric chloride 2 
Sodium biphospllate 62.3 
Sodium bicarbonate 50 
Sodium citrate 250 
Potassium chloride 4 
Urea 34 
Nutrient broth 175 
Isomil (Liquid) 
Concentration, mg/L 
Parameter (fstandard deviation) 
Chemical Oxygen Demand (COD) 332 f 13 
Biochemical Oxygen Demand (BOD) 192 t 36 
* l mL of stock solution in 999 mL of synthetic wastewater. Stock solution consists of 
384 mL liquid Isomil in 3.78 L (1 gallon) of tap water. 
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Table 3.3 Results of multiple stepwise regression analysis 
MSE RSquare RSquare Adj 
0.0045 0.7738 0.7708 
Parameter Estimate nDF SS F Ratio Prob>F 
Intercept 0.7684 1 0 0.000 1.0000 
MLS S 0.1843 1 0.6295 13 8.3 89 0.0000 
MFR -0.1062 1 0.1321 29.041 0.0000 
PF 0.3662 1 0.6071 133.465 0.0000 
Time 0.3 514 1 3.6607 804.764 0.0000 
Table 3.4 Steps of multiple stepwise regression analysis 
Model RSquare Sgrt(MS) 
MFR 0.0166 0.3166 
PF 0.0609 0.6059 
MLSS 0.0843 0.713 
Time 0.5548 1.8296 
MFR,PF .0.0786 0.4868 
MLSS,MFR 0.1006 0.5508 
MLSS,PF 0.1496 0.6718 
MFR,Time 0.5753 1.3174 
PF,Time 0.6473 1.3974 
MLSS,Time 0.653 1.4035 
MLSS,MFR,PF 0.167 0.5796 
MFR,PF,Time 0.6695 1.1603 
MLSS,MFR,Time 0.6732 1.1635 
MLSS,PF,Time 0.7519 1.2297 
MLSS,MFR,PF,Time 0.7738 1.0803 
86 
CHAPTER 4 TREATMENT OF PHENOLIC WASTEWATER 
IN A TUBULAR CERAMIC MEMBRANE BIOREACTOR 
A paper to be submitted to Journal of Membrane Science 
Cagatayhan B. Ersu and Say Kee Ong 
ABSTRACT 
The performance of a membrane bioreactor (MBR) with a tubular ceramic 
membrane on phenol removal was evaluated under varying hydraulic retention times 
(HRT) and a fixed sludge residence time (SRT) of 30 days. The tubular ceramic 
membrane was operated with a mode of 15 minutes of filtration followed by 15 seconds 
of permeate backwashing at a flux of 250 L/m2/hr along with an extended backwashing 
of 30 seconds every 3 hours of operation, which maintained the transmembrane pressure 
(TMP) below 100 kPa. Using a simulated municipal wastewater with varying phenol 
concentrations, the chemical oxygen demand (COD) and phenol removals observed were 
greater than 88% with excellent suspended solids (SS) removal of 100% at low phenol 
concentrations (approx. 100 mg phenol/L). Step increases in phenol concentration 
showed that inhibition between 600 to 800 mg/L of phenol was observed with decreased 
sludge production rate, MLSS concentration, and removal performance. The sludge 
volumz index (SVI) of the biomass increased to about 450 mL/L for a phenol input 
concentration of 800 mg/L. When the phenol concentration was decreased to 100 mg/L, 
the ceramic tubular MBR was found to recover rapidly indicating that the MBR is a 
robust system retaining most of the biomass. Experimental runs using wastewater 
containing phenol indicated that the MBR can be operated safely without upsets for 
concentrations at approx. 600 mg/L of phenol at 2 - 4 hours HRT and 30 days SRT. 
Keywords: Membrane bioreactor, tubular ceramic membrane, phenol, transmembrane 
pressure, hydraulic retention time, inhibition. 
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4.1 INTRODUCTION 
Phenol can be generated from the natural decomposition of organic materials. Most 
of the phenol found in the environment, however, is of anthropogenic origin. Phenolic 
compounds are widely used in industries such as coal conversion, metal casting, paper 
manufacturing, and resin production (Fang et al., 1996). Phenol is used as a biocide and 
disinfectant as most synthetic phenolic compounds are toxic and are classified as 
hazardous pollutants (Gaza et al., 1999). Phenolic compounds are often present in the 
effluents from oil refining, petrochemical, pesticide, and textile industries (Babich and 
Stotzky 1985). These industries are required to treat or pretreat their wastewaters before 
they can be discharged into a water body or a municipal wastewater treatment plant 
through the sewer. 
Previous studies indicated that phenol in the feed caused inhibition to the biomass 
resulting in decreased biomass specific growth rate, reduced substrate removal rate, and 
influenced the sludge settleability negatively due to pin floc formation (Rozich et al., 
1983; Bertucco et al., 1990). Tabak et al. (1981) and Eckenfelder and Englande (1998) 
modeled toxicity related to phenolic compounds which affected conventional activated 
sludge (CAS) processes negatively by inhibiting normal biological activity and reducing 
sludge settleability. Poor settling causes biomass washout and may require the addition 
of costly polymers to flocculate the biomass which, in turn, add to operating costs. These 
adverse effects ultimately lead to poor effluent quality. Effluent wastewater that does not 
meet environmental regulatory standards may incur fines for the violation of such 
regulations as well. In the most severe circumstances, influent toxicity can lead to plant 
shutdown and the discharge of untreated wastewater into the environment. 
Some phenolic compounds in industrial wastewaters may ultimately reach municipal 
wastewater treatment plants. Since most municipal wastewater treatment plants are not 
typically designed to handle toxic phenolic compounds, influent toxicity associated with 
the presence of phenolic compounds may lead to plant upsets (Rozich et al., 1985), Most 
municipal treatment plants are now required to remove individual toxic organic 
compounds such as phenol to meet the National Pollutants Discharge Elimination System 
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(NPDES) requirements. This is a major issue among treatment plant operators in terms 
of achieving required specific toxic compounds removal while meeting other discharge 
criteria. 
Membrane bioreactors (MBR) are becoming feasible and attractive for treatment and 
recovery of wastewaters including industrial effluents with toxic contents. MBR with its 
ability to retain almost all of its biomass may overcome the biomass washout problems 
related to treatment of compounds at toxic concentrations. In addition, MBR has the 
ability to operate at high biomass concentrations allowing the control of hydraulic 
dilution rate and growth rate independently (Stephenson et al., 2000). However, MBR 
may encounter membrane fouling problems during operation as membranes are 
commonly prone to fouling. Wherefore, proper selection of the membrane is important 
when designing MBR systems. As compared to other membrane materials and modules 
applied in wastewater treatment, tubular ceramic membranes with the ability to be 
backwashed provide high resistance to fouling as well as increased concentration 
polarization control (Baker, 2000). 
There is not much information on the application MBR for the treatment of phenol. 
One of the studies include Male and Pretorius (2001) who compared the treatment 
performance of laboratory-scale MBR and a CAS treating a synthetic wastewater 
containing 11.5 gCOD/L, 0.95 gphenol/L, and 5.4 g dissolved solids/L. The MBR was 
equipped with a ceramic ultrafiltration membrane with 0.05 µm pore size and was 
operated at 7-12 hours HRZ' and 1-3 m/s crossflow velocity. The CAS was operated at 
11-50 hours HRT. Although both reactors removed 90% of the COD with a final phenol 
concentration below 20 mg/L, the researchers found that the MBR was more stable than 
the CAS, which became unstable with a resulting biomass loss. In addition, the 
maximum COD loading rate of the MBR was 28 kg COD/m3/d as compared to 15 kg 
COD/m3/d of the CAS. 
The objective of this paper was to investigate the performance of a bench-scale MBR 
with a tubular ceramic membrane in the treatment of a synthetic wastewater with varying 
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phenol concentrations and HRTs with a fixed SRT of 30 days. Change in sludge settling 
characteristics was also investigated along with the inhibition of phenol. 
4.2 MATERIALS AND METHODS 
The bench-scale MBR experimental setup consisted of an aerated bioreactor, a 
sidestream tubular membrane module, four pumps, a feed water tank, and a permeate 
tank (see Figure 4.1). The aerated bioreactor was made of PlexiglassTM and had an 
operating volume of 6 liters with dimensions of 17 cm wide, 17 cm long, and 28 cm deep. 
Air was introduced into the reactor using filtered in—house compressed air via air 
diffusers placed at the bottom of the reactor. The air flow rate was measured using a 
Gilmont 250 mL/min ball flow meter (Barrington, IL). 
The synthetic wastewater was fed to the bioreactor using aCole-Parmer (Model 
7553-30) pump and a Masterflex (Model 2500) pump was used to feed the mixed liquor 
to the ceramic membrane. Constant permeate flux was maintained by another Cole-
Parmer (Model 7553-70) pump which was placed on the permeate line. The system also 
included a Masterflex (Model 75 5 3 -S 0) pump for backwashing purposes. The 
operational cycles of normal filtration run, backwashing and resting periods were 
controlled using a ChronTrolC) microprocessing timer. For filtration purposes, a ceramic 
tubular membrane was purchased from Fairey Industrial Ceramics Ltd. (Staffordshire, 
U.K.). The ceramic tubular membrane with 7star-shaped channels was made of a-
alumina with dimensions of 20 rrlm in total diameter, 600 mm in length and provided 
0.06 m2 in filtration area. Other specifications of the membrane are given in Table 4.1. 
The housing for the membrane was constructed of stainless steel with clamp ferrules for 
easy installation and disassembly. 
The TMP was measured with two Millipore pressure gauges with a range of -100 
kPa to 210 kPa installed at the module inlet and the permeate outlet. For this study, 100 
kPa was set as critical TMP where, above this value, vacuum tends to cause air bubble 
formation on the permeate side of the membrane resulting in lower permeate flux. The 
MBR was operated with 1 S minutes filtration followed by 1 S seconds of backwashing at 
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250 L/m2ihr. After 3 hours of filtration, an extended backwashing of 30 seconds was 
used instead of 15 seconds. 
To assess the treatment performance of the system, a synthetic waste~~~ater with 
phenol at various concentrations was applied. The composition of the synthetic 
wastewater is shown in Table 4.2. The synthetic wastewater contained organic 
substrates, essential nutrients, and minerals simulating municipal wastewater and phenol 
at concentrations varying from 100 to 800 mg/L. The bioreactor was inoculated with 
activated sludge obtained from the aeration tank of a municipal wastewater treatment 
plant in Boone, Iowa. The aerated bioreactor was operated for a period of time until the 
chemical oxygen demand (COD) and phenol removals (influent phenol of 100 mg/L) 
were above 8 S % before the phenol concentration was gradually increased from 100 to 
800 mg/L both as a shock load and continuously as a step load while the HRT was 
decreased from 4 hours to 2 hours in order to assess the limits of MBR treatment 
performance. The biosolids concentration in the bioreactor was initially maintained at 
approximately 4,000 mg MLSS/L with a SRT of 30 days for all runs (see Table 4.3 for 
the list of runs). 
The influent and permeate COD, phenol, and suspended solids (SS) concentrations 
were recorded along with the TMP throughout the experimental study. The sludge 
settleability was measured using the sludge volume index (SVI) method. The 
experiments were conducted at room temperature of 21 ~ 1 °C. Samples used for the 
analyses were i/2 hour composite samples, where applicable. Analyses were conducted 
according to Standard Methods (APHA, AWWA, and WEF, 1998). 
4.3 RESULTS AND DISCUSSION 
4.3.1 Phenol, COD, and SS Removal 
The influent and effluent phenol and COD concentrations along with the TMP of the 
MBR are presented in Figure 4.2. Note that the synthetic wastewater without phenol has 
a COD of about 3 3 0 mg/L. The remaining COD of the synthetic wastewater with phenol 
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generally comes from the phenol. Therefore, phenol and COED concentrations for both 
the influent and the permeate as seen in Figure 4.2 followed a similar pattern. 
The system was operated at an HRT of 4 hours and 30 days SRT up to 97 days. 
From day 97 to 124, the system was operated at an HRT of 2 days. After that, the HRT 
of the system was returned back to 4 hours. The ceramic tu~~ular MBR operating at 4 
hours HRT and 30 days SRT removed up to 89.52.6% (~95'% confidence interval) of 
phenol and $9.20.4% of COD when the synthetic wastewater contained approximately 
100 mg/L phenol and 465 mg/L COD. The MBR maintained. its removal performance 
for both parameters when it was spiked with 3 00 mg/L (three times) and 5 00 mg/L of 
phenol (four times) for fifteen minutes. For these phenol ~>pikes, the influent COD 
concentrations were approximately 860 mg COD/L and 1250 mg COD/L, respectively. 
At 4 hours HRT, phenol concentration in the effluent increased from 11.2 mg phenol/L to 
15.3 mg phenol/L after spiking with 3 00 mg phenol/L and to 21.0 mg phenol/L after 
spiking with X00 mg phenol/L. COD increased to 76.3 mg COED/L and 287 mg COD/L, 
respectively. In all these spikes, effluent phenol concentration `vas slightly perturbed and 
returned to stable performance of 89% removal. In between thE~se spikes, the reactor was 
operated with 100 mg phenol/L where stable performancE~ with high removal of 
approximately 89% was maintained. 
On day 86, the MBR was subjected to a step input of 400 rrlg phenol/L. The effluent 
phenol concentration reached steady state conditions within 2Ei hours. The steady state 
effluent concentrations (~95% confidence interval) were 62.~6~ 1.2 mg phenol/L with 
84.50.3 % removal and 149.03.8 mg COD/L with 84.80.4%~ removal. Figures 4.3 (a) 
and 4.4(a) show the change in phenol and COD during the step change in concentrations. 
With a step input of 600 mg phenol/L, the effluent concentrations reached steady state 
concentrations of 166.022.2 mg phenol/L (72.43.6% removal} and 419.072.8 mg 
COD/L (68.75.6% removal} within 3 8 hours. However, in comparison to the 400 mg/L 
step input, it appeared that some inhibition seemed to have occurred causing the removal 
of phenol to deteriorate. 
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For bath 400 and 600 mg/L input, stabile removal were ~ichieved within 40 hours 
after the concentration was increased. At this stage of the studly, the HRT was changed 
from 4 hours to 2 hours HRT until day 124. With step inputs of 400 and 600 mg/L of 
phenol, the steady state effluent phenol concentrations were 127.55.4 and 252 12.5 
mg/L, respectively (see Figure 4.3}. When compared with the 4 hours HRT, the 
performance at 2 hours HRT was about 20% worse for a step input of 600 mg/L of 
phenol. When the influent phenol concentration was increased to 800 mg phenol/L at 2 
hours HRT, the effluent concentration was approximately 723.07. S mg phenol/L with 
less than 10% decrease in phenol concentration. Figure 4.3 clearly shows that inhibition 
of the biomass has occurred and there was no treatment of the ~~vastewater. At about 125 
days, the HRT was changed back to 4 hours HRT. The MBR vas operated for 8 days at 
4 hours HRT with 102 mg/L until steady state was achieved. .A step increase in phenol 
from 100 mg/L to 800 mg/L was conducted. As seen in Figure 4.3 (a) and 4.4(a), the 
effluent phenol and COD concentrations increased to 765.3 10.1 mg/L and 1,620.3 13.8 
mgiL, respectively, and did not recover indicating that inhibition of the biomass occurred. 
A summary of the removal performance and operating conditions are tabulated in Table 
4.3. 
Under all operating conditions, the membrane demonstr;~.ted excellent suspended 
solids (SS) removal with non-detectable SS concentrations in the permeate. This 
indicates that almost all the biomass was retained in the reactor. 
The membrane was initially operated with the proposed opE;rational schedule with 15 
minutes filtration and 15 seconds backwashing with a flow rates of 250 L/m2ihr followed 
by 3 0 seconds of backwashing every 3 hours. This schedule continuously maintained the 
TMP below the predetermined 100 kPa for 25 days. When the 'TMP reached the 100 kPa 
limit, an extended backwashing of 2 minutes at 2 S 0 L/m2/hr along with flushing through 
the concentrate side of the membrane at a flow rate of 20 L/hr of mixed liquor was used 
to assist in the detachment of biosolids from the membrane surface during backwashing. 
This washing step resulted in high recovery such that the membrane could be operated 
under 100 kPa TMP for another 22 days (see Figure 4.2(c)). :However, for day 72, the 
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TMP increased to 100 kPa within 8 days. Consecutively, a~1 extended cleaning was 
instituted using 4 L of 0.5% (vol/vol) nitric acid solution at a temperature of 40°C for a 
period of '/2 hour followed by a 1/2 hour rinsing with tap water at 40°C. After the cleaning, 
backwashing and flushing procedure was applied once every t~~vo weeks to maintain the 
required TMP without the requirement of membrane cleaning. 
4.3.2 Sludge Characteristics 
Figures 4.5(b) and (c) indicate the biomass concentrations and SVI with time. 
During the spike inputs and step inputs of 400 mg/L of phenol, the biomass concentration 
steadily increased from 4,000 to about 4,600 mg/L with sludge wasting to maintain 30 
days SRT. When a step input of 600 mg phenol/L was applied, the biomass 
concentration decreased but was maintained above 4,000 mg/L. The change in the SVI 
of the sludge is presented in Figure 4.5(c). As seen in Figure 4.5(c), the SVI increased 
when the reactor was subjected to higher phenol concentration. The SVI remained below 
150 mL/L for about 75 days until the step input of 400 mg phenol/L was initiated. The 
SVI increased to 250 mL/L at 400 mg phenol/L level for 4 hours HRT and to 300 mL/L 
at 2 hours HRT. Phenol applications at 800 mg/L resulted in increased SVI of 
approximately 430 to 470 mL/L. For proper settling of sludge in a clarifier, the preferred 
SVI is approximately 150 mL/L (Metcalf and Eddy, 1991). If a conventional settling is 
used instead of a membrane, the biomass will not settle and will be washed out causing 
further failure to the CAS. The membrane system, therefore, is versatile and has an 
advantage over CAS systems by providing excellent retainme~nt of the biomass under 
operating conditions that a CAS system would not be able to sett:le the biosolids. 
Figure 4.6 provides the sludge production rates again~;t phenol concentrations 
applied. At 100 mg/L of phenol, the sludge production rate was approximately 0.45 kg 
MLSS/kg COD removed/day. However, with increasing phenol concentrations, the 
sludge production rate decreased gradually to 0.15 to 0.20 kg MLSS/kg COD 
removed/day at 400 mg phenol/L and 0.02 kg MLSS/kg COD rF:moved/day at 800 mg/L. 
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These results clearly show inhibition at 800 mg/L with the lack of biomass yield in order 
for the MBR to be maintained at the required 30 days SRT. 
4.4 CONCLUSION 
MBR can be applied safely in the treatment of wastewaters with a phenol 
concentration below 600 mg/L at HRTs as low as 4 hours arld 30 days SRT. Phenol 
removal at 4 hours HRT for an influent phenol concentration of 600 mg/L was 
approximately 72%. For phenol concentration of 800 mg/L, inhibition was observed and 
sludge production rates drastically dropped and no phenol treatment was obtained. The 
SVI of the biomass changed from 150 mL/L at 100 mg/L of phenol to 450 mL/L at 800 
mg/L. Under these conditions, a CAS system would have f~~iled as biomass washout 
would likely occur due to the lack of settleability of the biomass. The membrane system 
of the MBR helps to retain all the biomass within the bioreactor thus preventing a 
washout. Recovery of an inhibited system would be easier using an MBR than a CAS. 
The TMP was maintained throughout the study at below 100 kPa by instituting an 
operating scheme of 15 minutes filtration followed by 1 S secor.~ds of backwashing at 250 
L/m2/hr. An extended backwashing and flushing was used evE;ry two weeks to maintain 
the TMP below 100 kPa. 
In summary, MBR is an effective treatment technology even at low HRTs (4 hours) 
and high SRTs (30 days) for the treatment of an inhibitory subsl:rate such as phenol. 
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Table 4.1 Tubular ceramic membrane specifications 
Parameter Unit Value 
Material --- a -alumina 
Average pore size µm 0.2 
Porosity % vol. 35 
Flexural strength MPa 45 
Diameter mm 20 
Length mm 600 
Channel: star OD mm 4.6 
Channel: star ID mm 2.8 
Filtration area m` 0.06 
pH range --- 0.5 - 13.5 
Maximum temperature ~C 140 
Maximum pressure kPa 800 
Table 4.2 Composition of the synthetic wastewater 
Ingredient Concentration, mg/L 
Calcium sulfate 30 
Magnesium sulfate 3 
Ferric chloride 2 
Sodium biphosphate 62.3 
Sodium bicarbonate 50 
Sodium citrate 250 
Potassium chloride 4 
Urea 34 
Nutrient broth 175 
Isomil (Liquid) 
Parameter Concentration, mg/L 
Chemical Oxygen Demand (COD) 332 f 13 
Biochemical Oxygen Demand (BOD) 192 f 36 
« 1 mL of stock solution in 999 mL of synthetic wastewater. Stock solution 
consists of 384 mL liquid Isomil in 3.78 L (1 gallon) of tap water. 
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Table 4.3 Summary of MBR treatment performance 
Mode of Phenol HRT Influent Conc.(mg/L) ~ Removal (%)~ 
Input (hours) Phenol COD Phenol COD 
Continuous 4 104.0± 1.0 463.0±3.1 89. ̀>± 1.3 89.2±0.2 
Intermittent (3)* 4 303.3±2.0 863.7±7.3 94.9±0.4 91.2±0.1 
Intermittent (4)* 4 505.0±2.4 1246.8±4.2 95.8±0.2 91.8±0.1 
Continuous 4 404.3±1.8 979.0±1.5 84.`~±0.3 84.8±0.4 
Continuous 4 601.5±2.1 1332.5±6.2 72.1±3.6 68.7±5.6 
Continuous 4 801.7± 1.3 1749.0±2.3 4.5± 1.1 7.4±0.8 
Continuous 2 401.3±3.1 984.8±3.3 68.~I± 1.1 68.1 ±0.8 
Continuous 2 602.3±3.1 133 5.5±4.2 5 8.2± 1.5 52.8±0.1 
Continuous 2 805.0± 1.5 1759.2±7.6 1 O.:Z±2.2 7.6± 1.3 
* indicates the number of repetitive runs + indicated with 95%confidence interval 
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CHAPTER 5 CONCLUSION 
5.1 CONCLUSION 
The MBR with a tubular ceramic membrane can be operated on a continuous basis 
without exceeding 100 kPa by instituting a simple backwashing and flushing scheme. 
The scheme included 15 seconds of backwashing for every 15 minutes of filtration with 
30 seconds of backwashing every 3 hours at 250 L/m2/hr. When the TMP reached 100 
kPa, an extended cleaning of 2 minutes at 250 L/m2/hr along v~~ith flushing at a flowrate 
of 20 L/hr through the concentrate side of the membrane was used. This kept the TMP 
below 100 kPa. A correlation was conducted between the TMP and the parameters —
MLS S, MFR, and PF — as well as time. Permeate flux (PF) anc~ mixed liquor suspended 
solids (MESS) concentration were found to impact the TMP more than the membrane 
feed rate (MFR). The impact of PF on the TMP was much higher than MESS when PF 
was highest at 40 L/m2/hr. However, the increase in the TMP was less proportional to the 
increase in MESS concentration. This means that the TMP may become independent 
from MESS at concentrations higher than 8 g MESS/L. 
For a synthetic wastewater simulating municipal wastewater, the chemical oxygen 
demand (CUD) removal ranged from 88 to 91 %, whereas SS was below 1 mg/L in the 
permeate even for an HRT of 2 hours at 20 days SRT. This means that MBR with a 
ceramic tubular membrane is robust performance-wise and c~~n be designed with low 
aeration volumes (due to low HRT) and operated with significantly lower sludge 
handling requirement (due to high SRT). 
MBR can be applied safely in the treatment of mixed municipal and industrial 
wastewaters with a phenol concentration below 600 mg/L at HF:Ts as low as 4 hours and 
30 days SRT with approximate phenol removals of 72% and 85% for influent phenol 
concentrations of 600 mg/L and 400 mg/L, respectively. Inhibition was observed at 
phenol concentration of 800 mg/L with a decrease in the sludge production rate and no 
phenol treatment. For an influent of 800 mg/L phenol, the biomass in the MBR had a 
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SVI of 450 mL/L. In CAS, the system would have failed due to poor settling of the 
sludge and possible biomass washout. MBR also demonstrated. good recovery such that 
after being inhibited at 800 mg/L of phenol, the MBR performa~ice returned back to 90% 
phenol removal in 4 days when the influent phenol concentration was reduced to 100 
mg/L. 
5.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
The issues stated below are recommended for future research: 
• Response of microbial population in MBRs to limited and excess nutrient 
conditions 
• Impact of shock and step loads of nutrients and toxic compounds on 
operational and biological performance of MBRs 
• Impact of soluble microbial products (SMPs) and extracellular microbial 
products (EMPs) in MBRs 
• Cost minimization for membrane bioreactors 
• Modeling of fouling for various membrane types under varying operating 
conditions 
• Optimization of membrane recovery (backwashing, backflushing, and 
cleaning) techniques 
• Investigation of variations in microbial ecology under varying SRTs (up to 
infinity) for various wastewater types 
• Investigation of physical, chemical, and microbiological factors affecting 
biofilm detachment from membrane surfaces towards fouling control 
• Study of microbial kinetics towards biodegradation and inhibition 
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APPENDIX A EXPERIMENTAL DATA FOR CHAPTER 3 
Table A.l for Figure 3.2 
Table A.2 for Figure 3.3 
Tables A.3 — A.5 for Figures 3.4 — 3.9 
Tables A.6 — A.11 for Figure 3.10 
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Table A.1 Baseline transmembrane pressure data 
Membrane Feed Rate 
(L/hr) 
0 
Permeate Flux OTMP 
(L/mZ/hr) (kPa) 
0 0.0 
9.7 10 24.6 
9.7 15 26.3 
9.7 20 33.1 
9.7 30 41.6 
9.7 40 53.4 
9.7 50 60.2 
9.7 60 67.0 
7.3 10 23.0 
7.3 15 26.3 
7.3 20 33.1 
7.3 30 43.3 
7.3 40 50.0 
7.3 50 60.2 
7.3 60 67.0 
4.8 10 23.0 
4.8 15 26.3 
4.8 20 33.1 
4.8 30 43.3 
4.8 40 '53.4 
4.8 50 60.2 
4.8 60 65.3 
2.4 10 23.0 
2.4 15 26.3 
2.4 20 3 3.1 
2.4 30 41.6 
2.4 40 50.0 
2.4 50 60.2 
2.4 60 67.0 
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Table A.2 Transmembrane pressure data for backwashing (BW) schedule 
No BW Regular BW BW+Repeat/5 hrs BW+Repead3 hrs 
Time TMP Time TMP Time TMP Time TMP 
(hours) (kPa) (hours) (kPa) (hours) (kPay (hours) (kPa) 
0.00 63 0.00 60 0.00 60 0.00 60 
0.25 66 0.25 60 025 60 0.25 60 
0.50 71 0.50 60 0.50 60 0.50 60 
0.75 78 0.75 62 0.75 60 0.75 60 
1.00 85 1.00 62 1.00 60 1.00 60 
1.25 94 1.25 63 1.25 62 1.25 62 
1.50 106 1.50 63 1.50 62 1.50 62 
1.75 119 1.75 64 1.75 63 1.75 63 
2.00 l34 2.00 65 2.00 65 2.00 65 
2.25 153 2.25 67 2.25 67 2.25 68 
2.50 176 2.50 69 2.50 69 2.50 71 
2.75 202 2.75 72 2.75 72 2.75 75 
3.00 2~6 3.00 76 3.00 77 3.00 79 
3.25 81 3.25 82 3.00 60 
3.50 86 3.50 87 3.25 60 
3.75 94 3.75 92 3.50 60 
4.00 101 4.00 99 3.75 61 
4.25 111 4.25 107 4.00 61 
4.50 124 4.50 119 4.25 62 
4.75 l42 4.75 142 4.50 63 
5.00 164 5.00 164 4.75 64 
5.25 187 5.00 65 5.00 66 
5.50 214 5.25 65 5.25 67 
x.50 63 5.50 71 
5.75 65 5.75 76 
6.00 67 6.00 81 
6.25 69 6.00 62 
6.50 71 6.25 62 
6.75 72 6.50 63 
7.00 75 6.75 64 
7.25 81 7.00 65 
7.50 85 7.25 67 
7.75 89 7.50 69 
8.00 95 7.75 72 
8.25 100 8.00 76 
8.50 110 8.25 81 
8.75 120 8.50 86 
9.00 130 8.75 93 
9.25 140 9.00 99 
9.50 152 9.00 67 
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Table A.2 (cont'd) 
BW+Repeat/5 hrs BW+Repeat/3 hrs BW+Repeat/5 hrs BW+Repead3 hrs 
Time TMP Time TMP Time TMP Time TMP 
(hours) (kPa) (hours) (kPa) hours) (kPa) (hours) (kPa) 
9.75 165 9.25 67 17.50 121 17.00 92 
10.00 182 9.50 68 17.75 133 17.25 100 
10.00 73 9.75 67 18.00 148 17.50 114 
10.25 73 10.00 69 18.25 162 17.75 125 
10.50 73 10.25 71 18.50 175 18.00 137 
10.75 74 10.50 73 18.75 186 18.00 76 
11.00 76 10.75 76 19.00 197 18.25 77 
11.25 77 11.00 81 19.25 207 18.50 77 
11.50 79 11.25 89 19.50 216 18.75 80 
11.75 82 11.50 98 19.75 211 19.00 82 
12.00 87 11.75 109 20.00 216 19.25 86 
12.25 94 12.00 124 20.00 93 19.50 88 
12.50 98 12.00 71 20.25 93 19.75 93 
12.75 104 12.25 72 20.50 93 20.00 99 
13.00 112 12.50 72 20.75 95 20.25 107 
13.25 120 12.75 73 21.00 97 20.50 118 
13.50 130 13.00 75 21.25 100 20.75 127 
13.75 140 13.25 78 21.50 104 21.00 139 
14.00 150 13.50 82 21.75 109 21.00 77 
14.25 165 13.75 88 22.00 117 21.25 76 
14.50 182 14.00 94 22.25 126 21.50 78 
14.75 199 14.25 102 22.50 137 21.75 80 
15.00 218 ] 4.50 112 22.75 150 22.00 81 
15.00 85 14.75 124 23.00 164 22.25 83 
15.25 85 15.00 142 23.25 182 22.50 85 
15.50 86 15.00 74 23.50 195 22.75 89 
15.75 87 15.25 74 23.75 205 23.00 95 
16.00 89 15.50 75 24.00 2 ] 3 23.25 106 
16.25 9l ] 5.75 76 24.25 219 23.50 116 
16.50 93 16.00 78 24.50 224 23.75 129 
16.75 96 16.25 81 24.75 226 24.00 142 
17.00 t 02 16.50 83 25.00 228 24.00 77 
17.25 111 16.75 87 25.00 95 
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APPENDIX B EXPERIMENTAL DATA FOR CHAPTER 4 
Table B.l for Figure 4.2 
Table B.2 for Figure 4.3 
Table B.3 for Figure 4.4 
Tables B.l and B.4 for Figure 4.5 
Table B.5 for Figure 4.6 
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Figure B.l Baseline transmembrane pressure (TMP) data with varying permeate flux 
rates for the tubular ceramic MBR 
Table B. l Surrirriary of experimental data for phenol removal with MBR 
Time aTMP  Phenol (mg/L) COD (mg/L) SS (mg/L) 
Date (days) (tea) Influent Effluent Influent Effluent MLSS MLVSS Permeate 
6/ 18/03 0 27.1 99 21 449 44 4020 0 
6/20/03 2 30.5 102 l5 455 48 
6/22/03 4 33.9 100 12 452 50 4050 0 
6/24/03 6 40.6 100 7 461 47 
6/25/03 7 44.0 99 11 453 48 4090 0 
6/26/03 8 47.4 101 12 468 54 
6!27/03 9 54.2 104 13 459 51 
6/29/03 11 64.3 95 8 464 53 4160 1 
7/ 1 /03 13 67.7 98 1~0 467 50 
7/3/03 15 74.5 97 11 466 53 
7/6/03 18 81.3 101 8 471 51 4280 0 
7/ 10/03 22 91.4 104 11 470 48 
7/13/03 25 101.6/33.9 103 10 469 51 4360 1 
7/16/03 28 44.0 103 10 472 52 
7/ 19/03 31 54.2 102 9 464 49 
7/20/03 32 57.6 101 4290 0 
7/23/03 35 64.3 98 11 468 49 
7/26/03 38 81.3 302 17 872 78 
7/27/03 39 88.0 105 10 473 55 
7/3 0/03 42 94.8 100 9 461 49 
8/4/03 47 101.6/37.3 103 4440 0 
8/5/03 48 40.6 306 15 865 76 
8/6/03 49 44.0 98 11 462 53 
8/8/03 51 57.6 104 12 461 50 
8/11/03 53 61.0 302 14 854 75 4390 0 
8/12/03 54 77.9 98 7 467 49 
8/15/03 57 91.4 502 23 1246 111 4470 0 
8/18/03 60 OOR 102 12 455 52 
8/22/03 64 101.6/40.6 105 10 459 47 
8/23/03 65 44.0 506 21 1239 98 4520 0 
8/27/03 69 50.8 100 15 463 54 4560 
8/31 /03 73 57.6 106 14 457 50 
9/ 1 /03 74 71.1 509 20 1248 103 4610 0 
9/5/03 78 77.9 101 15 460 52 
9/6/03 79 84.7 98 11 453 49 4690 3820 1 
124 
Table B.1 (cont'd) 
Time dTMP  Phenol mg/L COD mg/L SS mg/L 
Date (days) (kPa) Influent Effluent Influent Effluent MLSS MLVSS Permeate 
9/7/03 80 101.6/40.6 503 20 1254 96 
9/8/03 81 44.0 104 15 45 8 51 
9/9/03 82 54.2 104 13 454 50 
9/13/03 86 67.7 408 219 982 534 4730 4010 1 
9/14/03 87 74.5 405 64 977 154 
9/15/03 88 101.6/33.9 402 61 980 145 
9/19/03 92 44.0 406 63 980 148 4640 3930 1 
9/20/03 93 47.4 598 364 1344 931 
9/23/03 96 50.8 603 182 1328 524 
9/25/03 97 57.6 600 150 1337 419 4680 3840 1 
9/27/03 99 61.0 100 18 452 63 
9/28/03 100 64.3 402 296 986 683 
9/29/03 101 71.1 395 174 978 467 4710 3890 1 
10/1/03 103 74.5/37.3 402 133 983 322 
10/6/03 108 47.4 406 122 992 308 4660 3960 1 
10/8/03 110 57.6 604 462 1329 998 
10/9/03 111 61.0 598 349 1342 754 
10/ 11 /03 113 71.1 602 261 1340 634 45 80 3 850 1 
10/16/03 118 77.9/37.3 605 243 1331 627 
10/17/03 119 44.0 807 733 1760 1591 4320 3760 2 
10/21/03 123 50.8 804 714 1755 1634 
10/22/03 124 57.6 ~ 804 722 1762 1650 
10/23/03 125 64.3 102 68 467 262 4410 3710 2 
10/25/03 127 71.1 100 42 459 189 
10/27/03 129 74.5 96 19 463 93 
10/29/03 131 77.9 102 12 465 89 
10/30/03 132 81.3/40.6 800 752 1749 1602 4250 3750 1 
10/31/03 133 40.6 803 768 1746 1625 
1 l / 1 /03 134 44.0 802 776 1752 1634 
OOR —Over the range; Double figures in the ~TMP column indicate TMPs before and after the extended backwashing. Backwashing 
is with the permeate at a flowrate of 25L/hr (2~0 L/m2/h) for additional 2 min. 
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Table B.4 Change in sludge volume index (SVI) with time and phenol concentration
Time (days) Phenol Cone. (mg/L)~ Sludge Volume Index (mL/L) 
0 100 120 
7 100 135 
]8 100 135 
25 100 140 
32 100 135 
37 300 135 
43 100 140 
51 300 145 
57 500 150 
65 500 145 
79 100 165 
83 100 200 
92 400 260 
97 600 280 
101 100 270 
l08 400 300 
113 600 310 
119 800 340 
122 100 430 
130 100 380 
136 800 470 
* Rounded to the nearest hundred 
13a 
Table B.5 Sludge production with varying phenol concentrations 
Phenol Concentration Sludge Production 
Time (days) (mg/L) (kg MLSS/Icy COD removed/day) 
0 99 0.241 
4 100 0.236 
7 99 0.211 
11 95 0.253 
32 101 0.444 
47 l 03 0.410 
53 302 0.182 
57 302 0. ] 46 
65 506 0.272 
69 100 0.264 
74 509 0.134 
79 98 0.355 
86 408 0.425 
92 406 0.168 
97 600 0.149 
101 395 0.215 
108 406 0.126 
113 602 0.081 
119 807 0.011 
131 100 0.182 
13 5 800 0.018 
